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i. INTRODUCTI[_I,,':VOLUF[£II

I.i Study Sco_]le-

Fable I-I is a list of component parameters which were

considered durin,, the study program in the sunmmrization of component

status and analysis. },_:_t_t_:lsis on specific parameters varied according

to their importance. Table ]-I is not all-inclusive but <[oes illus-

trate the scope of the study.

Table l-If con[ains a list of missions which were used as

guidelines durin_ the study which further define the scope of the

planned st<_dy.

The missions were selected to provide practical application

of val-ying distances from the sun and dark times. Missions were

selected to provide.the followin4 variables:

i. Operation at l-]arth, Mars, or Venus

2. Operation durin_ travel from Earth to Mars or l.la_th to V<u_us

3. Operation with constant or variable dark times

The study assumed d_at near future fli_<hts would utilize

sin]le skirt concentrators similar to those now m_der deve]opment. A

maximum diameter of 9. 5 feet was selected as being the lar4est concen-

trator available in the near future and was based upon the projected

use ol a 120-inch shrined. It is possible that other types of mirrors

might prove desirable in the f_ture.

Voltage outp_:ts were selected as bein.4 typical of spacecraft

load requirements. Thermionic converter parameters are based on pro-

jetted ability to achiew_ hi4h power densities with hardware diod_.s

at reasonable weight. The choice of 0.5-1b constant weight for a con-

verter was done to limit the study to reasonable proportions. It is

reco',nized that converter wei:_ht will vary with power density and

current; however, this variation is almost a second order effect in

wei _ht calculation.

4326-Final i- 1



TABLE 1-I

COMPONENT PARAMETERS

I. CONCI'JNTI_ATO R

Mat e r ia i

Weight - skin and support

Diameter

lle:lecuive Surface Characteristics

T_.mperatu_e - transient and steaL!'_-state

Surface iJ_-roL-- due to nanufacture_ missio_ environment_ support

Mirror Efficienc, - aligned and misoriented

Rim A_g le

Vibratioz_ Characteristics

Life and Deterioratioll Modes

II. TIlERMIONIC CONVEliTER

Efficienc) (at different conditions)

Heat Losses

Current - temperature relationships

We ig ht

Vibration Characteristics

I-V Characteristics at Different Temperatures

Life and De_e_-io_ation Hodes

a ) evaporat ion

b) seal tempera< ure

c) vibration

d) material degradation

P-V Characteristics at Dii ferent Femperatures

V_riatious in C[,ar_c' elis_ics ,!ue LO >t_nufacturing

Startul_ , Shut_]_wn (Jharact_:ri,_,tics

III. T!IERHIO_:IC t;E)_E_,AfO[_

E_ f ic ie1_c y

Heat Losses

I-V Characteristics

P-V Charact erisbics

Effects of Converter Matching

Cavity Tempe_'ature - power_ ei!ficiency relationships

Power vs Number ol Co_verters

F_ilure 'Ioles and Effects

Startup Problems

We ight

Effect of Uariable Load

Cavity Effects - reradiation losses

- reflective losses

- temperature _iistribution

- surface absorptivity

Cavity- mirror effects

a) misorient at ion

b) misa lignment

432o- Final i-2



TABLIL l-I]

MISS IONS

A. SOLAR IN fENSIfY

1. 1000 n. miles modified sun synchronous earth orbiter

_. 325 n. miles circular earth orbiter - 53 minutes light time_

35 ninutes Karl< time

3. IIigl',l, elliptical earth orbiter - shadow time ranging from

zero Lo 2 hrs for I_) hr perio,l_ zero Lo 3 hrs for 50 hr period

4. Earth to Venus pt-obe - vehicle always in sun from i AU to

O. 728 AU

5_ Earth to Hars probe vel:icle al_'ays in sun from I AU to

1.67 AU

6. Venus orbiter - distance from sun is 0.728 AU, dark time

constant aL 2 hrs _or a iO hr orbiL

7. ,Mars orbiter - distance from sun varies from 1.42 AU "o

1.67 AU, dark t i>e co:_stant at 2 hrs for a lO hr orbit

13. 7,11'<!_,O?,SIZE - raL:ce up to y-i/2 ft with system power of

(i.3 to 4 kW

432 (_-F ina I 1-4



1.2 Vellicle Integration and Packaging Preblems

The practical use of the solar-thermionic system depends

upon a large number of factors, many of which are listed _n Table

l-III. The design of the solar-thermionic system cannot be accom-

plished independently of the requirements of the mission a_d of the

vehicle. Figure I-I is a block diagram of the solar thermionic system.

Table l-Ill is included here as being of some use in consid-

eration of the practical appJication of future solar-thermionic systems.

Table l-III was not used except in a cursory sense during the analysis.

An examination was made of possible configurations of solar-

thermionic systems as packaged within shrouds. Three shrouds which

were considered were the Mariner C shroud, Surveyor shroud, and Saturn

IB nose fairing illustrated in Figs. i-2, 1-3 and 1-4.

Figures 1-5 through 1-12 illustrate configuration studies

showin_ concentrator arrangements within given shrouds. Spacecraft

dimensions of reasonable size comparable to Surveyor, Voyager, and

Mariner were assumed. The concentrators were fitted between the

spacecraft and the shroud.

It is very difficult to determine limits on the number of

concentrators that can be fitted within the shroud without knowing

details of the adapter and spacecraft design. In particular, the

stacking of concentrators in the adapter section of the spacecraft

involves considerable difficulty in adapter design.

Figure 1-13 illustrates an approximate maximum for the num-

ber of concentrators vs mirror diameter that can be fitted within a

given shroud. As shown by the shaded band, estimates can only be ap-

proximate at this time.

One piece of interesting information is the number of con-

centrators required as a funct i<_n of power levc,l, distance from the

sun, and system efficiency. The nomograph of Fig. 1-14 summarizes

this information. An example of how the nomograph can be used is

given in the figure. Figure 1-15 is an expansion of one part of the

nomograph.

4326-Final 1-5
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TABLE ]-IIl

SO,'!L L_)?_SI',)III<Ai'I_X_S IN ','I,_{ICI_I_ _:ti'EGRA[IOX OF

A S()LAR-T}IEP_IIO_:TC SYSTEM

ST:IUCTURAL ASPECTS

l. Fac ka_

a. Ability [o fit within shroud (with adequate clearance)

stntic a_d d,,namic shrou,l envelope_ jettiso_ envelope_

the rn_aI !_ro,,_th

b. Nui_ber of attach_::ents, linkages_ dampers, etc.. required and

their pi,_ccn_cnt on v_i_cle f_au_e to provide support during

launch

c. Adapter cimract er ist ic,_

d. Support po,,;ition requirements and interference with antenna

and other vehicle eq_lipr_enc open truss and/or monocoque

bus and supers', ruc_ure

e. Abilit} to have access to vehicle for ground chec!,ouL_ etc._

after packaging

f. C._:. location fro:n launci_ to deplovn:ent

g AbiliL} Lo p_ovi_ie entir_ po_er s_stem on com_non mounting

assen,i,1}

h. Inters/age connections- telet_etry_ _round power, switching

2. De__ql!_lo ymen t :,lechan its

a_ h: let[ on vehicle inertial characteristics - nature of

[lla S :6 I_I[)V cNlen t

b. Interfurcnce with other vehicle equipment

c. Nu[_f,)er oi. co<:lr.ltinds al<d co_plc:<icy of unfolding sequence

d. Pvrot ec:mic design

e. 7_eed _or jettison of :_odules

5. I)ynanics o_ l)eplo_ed S_ruc[ure

a. Unda_:_ped naLural freqtencivs and the matching between

sources - interaction with attitude control unda:nFed

first natural cnntilever (ur other) frequelmy (between

0.5 and 5.0 cps typica])

b. Damping ratio of the solar-ther;_ionic structure and hatching

between sources - rntio of Hamping to critical damping in

the first mode of 0.2 to 0.7

c. C.C. location envelope and C.C. variation envelope

d. Moment o_ inertia and their ratios

e. Products o_ inertia and their ratios

i_ Variation in moments about ce_ terline (vary less than 5 percent)

go Center of radiation pressure e_,_elope

h. Fhe _ffects of vernier co_trol or s\s_em, movement

i. Separation dynamics and acceleration forcc-s and direction

j. Hid-course manet:vet acceleration forces and direction

k. Terc_inal maneuver acceleration 'forces and direction

4326-Final l-h



II.

JII.

IV.

V,

, TABLE l-III

SOME CONSIDE}LATIONS IN VEHICLE INTEGRATION OF

A SOLAR-TIIERY, IONIC SYSTEM (contd)

4. Support for Other Equipment (not considered in study)

a. Celestial, sun or other sensc, rs

b. Gas jets, solar vanes for attitude control

c. Antennas

5. Obstruction

a. Exhaust plume of attitude control, maneuver motors

b. Fields of view of sensors or scientific instruments

c. Antenna

THERAAL ASPECTS

I. Effect of tllermaJ radiation field on vehiclv terperature

bud _e t ;

a. iransients during mm-S_m-_,ricnted mode

b. Ccnduction of heat into vehicle through leads

c. Power dissipation

d Need for active (or passivt_) temperature control to

handle ,ib_,v_

ELECTRICAL ASPECTS

1. Power requirements and profile

2. Harness and connector requirements - framework required,

resistance criteria, thermal criteria, etc.

3. Nature of output from power system - regulation, spikes,

ripple, etc.

4. Nature of transient and switching, power factor, other load

charac teris tics

5. PossiI_ilitv ol vlec trical ,![sco_moction wit!lout ,ne_hanical

disturbance _or test, e_.

6. Output power level witll time allowable performance nargin

ATTITUDE CONTROL

i. Structural chacacteristics (see above).

2. Limit on misorientation during cruise mode for power.

3. Effect on ability to maneuver - time for acquisition, gas and

power requirement, etc.

TELEMETRY AND COM>tAND

I. Number and frequency of colin-rends needed to operate system

Example: Battery ci_arging instructions

Star tup commands

Solar flux control co_.mnands

2. ]Te]einctry :lceded for operation, co_nand, n_,i_/tocLli,v

4326-Final i-7



VI.

VII.

VIII.

IX.

XI.

TAB LI.. 1-tli

SOME CONSIDERATIONS iN VEtlICLE INTEGRATION OF

A SOLAR-TIIEPd._I(/NIC SYSTEM (contd)

TEST AND CHECKOUT

I. Ability to interchange modules (such as panels) without

damaging mechanical _ntegrity of spacecraft or performance

2. Ability to test after integration with spacecraft

MAGNETIC DESIGN CRITERIA

i. Magnetic - static and dynamic flux limits, stability

characteristics

2. Location of critical components

RF INTERFERENCE DESIGN CRITERIA

i. Location of critical components

2. Shielding limits

CONTA}IINATION

i. Evaporation

2. Contamination from attitude control, terminal propulsion

CO_-IUNICATION SYSTEM

I. Antenna pattern interference

MISSION AND I{NVIRONMENT

i. Acceleration

2. Vibration spectra

3. Acoustic spectra

4. _;/C ro11 and pitch profile

_,. Firin_ window and period, launch azimuth range

4320-Final 1-8
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Figure ]-16 extracts some numbers from the nomographs of

Figures 1-14 and 1-15 as a further illustration of the number of con-

centrators necessary for given missions.

Figures 1-17, 1-18 and 1-19 illustrate the number of concen-

trators required at the Earth's, Mars', and Venus' distance from the

Sun with system efficiencies of 13.5 percent. All of these graphs

illustrate the fact that large power levels would require a large

number of small concentrators; this is obvious but is better appreciated

by examination of the curve.
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2. SYSTEM CONSIDEraTIONS

This section discusses several aspects of system reliability and

summarizes system efficiency and weight in a variety of missions and

using different mirror diameters.

2.1 Aspects of System Reliability

Operating experience with many of the solar-thermionic

system components is limited and only partial estimates of the modes

of failure and associated failure probabilities can be made.

Table 2-1 summarizes several significant system modes of

failure according to component affected, nature of failure, the effect

on system operation, and possible compensation or correction. The

mode of failure can be partial (such as one converter out of several

failing), gradual (such as degradation of the concentrator surface)_

or complete (such as total loss of a subsystem).

The items listed in Table 2-1 are general in nature. Specific

failure rates and reliability estimates must depend on further experi-

mental data beyond that presently available.

Figure 2-1 shows a simplified reliability model of the solar-

thermionic system. Six main subsystems are shown, which are concen-

trator, generator support, generator/DC converter, load control,

battery charger and battery, and voltage regulator. Other items in

the system such as sensors, current sensing devices, etc. can be

related to one or more of the six main subsystems. Additional subsys-

tems might be cesium reservoir and solar flux controls. A typical

system reliability calculation is shown which illustrates that _, although

the reliability of each subsystem might be high, the combined reliability

of the entire system can be low due to the large number of components.
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During the next few years, it is expected that a great deal

of statistical experience will be obtained in the use of storage sys-

tems and electronics which are similar or identical to those which

would be used on a flight solar-thermionic system. For the concen-

trator and generator support, the physical mechanisms will acquire

high reliability through mechanical tests and experiments on similar

devices in space.

The limiting factor in reliability of the solar-thermionic

system is likely to be the generator/DC-DC converter combination. As

discussed in Section I0, redundancy can be incorporated into the

generator/DC-DC converter design by using several DC/DC converters in

conjunction with a number of thermionic diodes, initial power output

would exceed the minimum requirement.

Figure 2-2 illustrates the increased reliability which can

be obtained in the generator-DC/DC converter combination through the

use of spares. Three cases are considered: one diode per DC/DC

converter, two diodes per converter, and three diodes per converter.

Figure 2-2 assumes that 18 diodes are needed to provide the minimum

power output to the remainder of the system. For case i, where one

diode per converter is used, the system would include 18 DC/DC con-

verters. This number appears excessive, ho_Jever, large numbers of

DC/DC converters may be needed for reliability purposes.

As shown in Fig° 2-2, the failure rate for the diodes was
-6

assumed to be 2 x i0 over a 10,00(J-hr life period. The use of these

failure rates assumes that diode failures are random in nature and that

the diode is not operating on the "initial failure" or '_earout" part

of the life curve.

The failure rate of the device is the inverse of the mean

time to failure as shown in Eq. 1

1

(F.R.) - _TF (mean-tlme-to-failure) (i)

where F.R. = failure rate.
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-6
A failure rate of 2 x I0 per hour implies a MTTF of 50,000 hours.

The reliability of a device can be expressed in terms of its MTTF as

sh_n in Eq. 2.

-t/T
R = e (2)

where R -- "reliability", i.e., probability that unit will operate for

a period of time, t

t = time

T = _[rTF

The probability that a unit will operate for a period of time equiva-

lent to the mean time to failure is 0.37.

The curves of Fig. 2-2 were derived usin_ the addition and

binomial laws of probability expressed in Eqs. 3 and 4o

Addition Law

P(A+B) = P(A) + P(B) (3)

where P(A+B) = probability of either (A) or (B) occurring when (A)

and (B) are mutually exclusive°

Binomial Law

Pr = in_P )n-xxJ s(1 " (4)

where Pr m probability of x items out of a group of n items being

successful

P = individual probability of success
8

_n nl

/XJ = x_ (n-x)_

The addition law is equivalent to stating that the probability of either

zero or onc failure occurring out of eighteen diodes is equal to the

sum of the separate probabilities of zero failures occurrin_, plus

one failure occurring. The binomial law, expressed in Eq. 4, expresses

the probability that x number of diodes out of a total group of n diodes

will be operating, given an individual probability of success P
S"
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Figure 2-2 indicates that with zero redundancy, i.e., no

extra diodes, the probability of an 18 diode generator continuing to

function for I0,000 hours using one DC/DC converter per diode is

0.658, while using three diodes per converter the probability is at

0.69_. Thus, under the assumptions stated, the generator/converter

combination actually becomes less reliable (with no spare diodes)

when too many DC/DC converters are used. A large number of tradeoffs

can be derived using as variables the _fl'fF of diodes, DC/DC converters,

and the degree of redundancy. These tradeoffs can be done by using

Eqs. 3 and 4.

As shown in Fig. 2-2, when 4 diodes are added to the system,

and when two diodes are matched to each DC/DC converter, reliability

of the generator can be increased from 0.686 to 0.99. Using three

diodes per converter, it would take six extra diodes to achieve the

same reliability.

Figure 2-2 is only an example of a large number of tradeoff

analyses in reliability and redundancy which can be made. These

tradeoff analyses, however, are directly dependent on the failure rates

assumed for the thermionic diode and DC/DC converter. At the present

time, these failure rates are not known within orders of magnitude

and any conclusions derived at this time would have to be questioned.

Figure 2-3 illustrates the effects of redundancy on sub-

system reliability. The use of redundancy could be considered for use

in the voltage regulator, battery charger, and other modules. In

general, the use of redundancy will increase overall reliability when

the failure sensing device and switch are also highly reliable. The

probability of successful operation is illustrated in Fig. 2-3 as a

function of the probability of successful operation of the failure

sensing and switch device. As sh_n, when failure sensing equipment

has a reliability of one, a twice redundant system can increase the

reliability from 0.9 for onc unit to 0.99 for the combination of units.

However, if the reliability of the failure sensing devices is only 0.5,
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l
I

the overall reliability of the t_,_ice redundant system drops back to

0.q, thus nc._ating,, any advantageous of redu_dancv.. No con_l_sions can

be dra_#n from this exercise to_;ard solar-the_:1_ionic systems at this

time. llowever, it should be noted that _xamination of redundancy is

_nsufficient _.Jithout e._:amination of _,l_ mecha_lisms a11d devices used

for sensing the failure of a component and/or s_._itching from one unit

to the next.

The example of Fi_. 2-2 used a failure rate for the thermionic

diode w1_ich corresponds to a _fTF of 50,_I00 hours. To demonstrate this

M_TF _,ill consume con_ideral'l_ _ test time. An illustration of this test

time is shown in Fi'.,.,..'-4 which _._o_,'s'"the percent confidence in the

_TF fi_ure (pro],ability that the bFfTF is correct) as a function of the

total test time obtaiL1ed on the units and the number of failures seen

durin_ the test. The curves correspond to obtaining a _fZTF figure of

5,000 hours. As shod:n, if zero failures occur during test, a 90 per-

cent confiden_e can be given to a 5,000-hr _FfTF if 11,500 hours have

been accumulated en devices. This could correspond to ten diodes

opeL-atiu_ for 1,!15 hours each. Ho_#ever, if one failure occurs, the

required test time increases to I),500 hours. The above calculations

2
are based on use of the square_! dist_-ibution _,¢hich is a standard

statistical tool described in l_ef. 2-i.

To obtain _FfTF of 50,_)00 hours, several orders of magnitude

more test hours are required; for exa_plc, 1,000 diodes instead of

i0 diodes should be placed on test.

2.2 System W_,i_ht Estimates

An examination _as made of the potential system weights in

a variety of missions with a variety of mirror diameters, The results

of the calculations are sho'_n in Table 2-II. The table is self-

explanatory,

432g-Final fi-9
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3. 50LAR CONCE/TRATO[_S

fhe solar concentrator is a I<e} element in deter_:_,i_i:_j tl,e

periocmauce and weight of tle _olar-_lern.io_ic s>ste:_. 7his section

descriaes achievements to date in the concentrator area and consider-

ations in future concentrators.

J.l Ph}'sical Descr ipt ioi_

Figure 5-i illustrates the co::_po_ents o17 a solar coucei_tracor

and the ele_:ents which nt:sL be consi ere:_ in co_,ce_t/atoL design.

The three ::_ain subassemblies are the re£1ective skin_ the skin support,

aI_d ti:e atLachi:,ent fro:_i tl.e support to slain.

A re£1eckive s!cin cOl_sisC_ Of a Chin s_:bstrate v:aterial,

such as elcctrolor_uel nic,ceL_ whirl, supports coaLinis of varioL:s

t}pes. SLretclikornlei couceltrators are ma e in sectio_,s which are

l_oi_ded togeLher typically by epox} a:_d tape n_aterials.

fhe skin s _plort is a riii] n_ember t_se i to hol ! tl,e slain in

place. £he s,;pporL i:mludes atta.cl._ents for various Furposes. The

most popular fo_-c.]oL s _plort LO late for _o_e-piece" concentrators

has been a torus which suF_orts tie e lge of the coucentra:or, fhe

torus-parai_oloid skin cor lbinatio:_ results in a relatively SLiff

mo_]ocoque-t}pe struct ure.

'fhe attach_:_e:it from the sup[)ort _o the skin can have a

significant effect on Lhe skin surface q'_alit ies. Ideall}_ the attach-

merit is of such a nature that no ,[istortion _s introduced i:_cO the

thin skin material. Practicalli _ tile _eed 'for withstanding viuratioi_,

acoustic and other environme_ts dictates that a small portion oi the

sl<in is iLl,ely LO :e ,iisLorted due to the bonding of the inter-

connect ing web

432b-Final 3-i
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selected.

3.2 Des i6n Rationale

The cationale for concentrator design is illustrated in

'file mi_-ror size and geo_eLr_ is dictated b):

Hission requiremenLs_ inclt_:,in_ power load proLile, orbit or

trajectory_ etc.

2. lehicle interface requi_e_ents

3. h:<pected enviro:_r:_ental effects

4. The _enerator/cavity design

5. TILe electronic power s>ste_:_ design

Using these factors, the mirror size _nd geometry cal_ be

Fhe selectio_ is L,s_a!l a,_ itcrati_c process v,hich

involves an optimizationo_ the o_erall sol,_r-ti:er_/oT_ic s)stem.

The details of the ce_centrator structure can be determined

after mirror sizing. The structu:_e _iesign must withstand the la,,mch

and cruise environment. All ot the vehicle interface problems

discussed in Section 1 must be considered. The generator support

design is an integral part of concentrator lesigr_. The design

parameters which offer proi lel:_s vary in importance depending on

nirror size. Parameters include:

I. Optical ierformaz_.ce

II_ N_ture and Stabilit} ot !_e'_lective Surface

III. fherma i i_rof ile

I_. Structural Festraints - acoustic response_ compressive

buckling_ vibrotiou response, transportation_ etc.

V. Dimens ions

VI. ,¢eight

VII. 3upport Design

_.3 State of the A_t

A variety of solar concentra!or structt_res have been asseu_bled

over Lhe pas_ several }ears _si:_g ma_} m_terials and assembly Lechniques.
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These include foam-backe,i, infl_te_!_ vapor deposited_ stretchformed,

electroformed_ and other varieties.

As a general rule_ solar-thermio_ic systems require highly

reflective_ highly accurate surfaces whici_ approach a true para_Jcloid.

No other surface has yet been devised for achieving the high tempera-

tures necessary for efficient system performance.

The two techniques showing most promise for paraboloid

fabrication have been the electroformed and stretchformed concentrators.

Two sizes of nickel electroLormed co_centrators have been fabricated -

5 ft_ 60 ° rim angle and 9-[/2 ft_ 42 ° rim angle. The 5 ft nickel

concentrators fabricate.| in i)_2 exhibited surface accuracies within

a few minutes of arc of a true para!,oloii. Conce_ItraLor weights in

the 5-ft size have range! _ro1_ 0.7 _o i ll_s/sq ft using nickel

electrofo_.-mcd techniques witl, a1_minum and nic,:el torL_s support.

£he state o_: the art for 'j-_/2 ft nicuel concentrators is

still young; two concentrators ha\e been [s ,ric_ed_ the first

weighing 450 li_s aud the seco_d weighi_g 9U i s.

Five-ft al_mi_:u_ stretclfor_cd mirrors to _a:e have show_:

efficiencies which are less t1_a_ tlose oL the nickel elecLroformed

col_centratous, the Ib let w_:t o!: e_e_g7 in! o a cavity absorbe_ is

still less tha_'_ the nic el co centraLo_s_ Low_ e_, and much wori:

can be accomplished i,._the st_etchfor:::e_I co_centra_or a_ea. Aluminum

has been used to date; other materials are bei_g investiga',ed.

Aluminum elect_oformi_g investigations to date have resulted in

co_centra_or_ 30 inches in dia:ue{er with a promise oi lar_er diameter_.

The alar:i_mn_ electroformed material is rather s_ft and techniques are

being investigated to cr=ate a harder_ _:,ore rigid mate_-ial usi_g

fiber materials.

Figure 3-3 is a photograph of a 5 ft nickel electroformed

concentrato_ with a front-mounted tor_:s assembled in 1962. Figure

3-4 is a photograph of a _)-i/2 ft nickel electroforme_l concentrator

using a rear-moun_ed tor_s_ assembled iu laEe i_64_ weighing a total
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of 92 ibs. Figure ,_-3 is a pictoLial s_etch of a 3-ft alumil_um

stretchforned conce_trator showi_g the totes a_d eight skin gores.

The results oL solar calori::_e_ric tests performed on the

electroformed nickel and stretcLfo_-_:_ed aluminium concentrators are

shown in Fig. 3-6. ]The calorimetric efficiency is defined as the

ratio of the energ) reflected from a cunce_trator and collected by

a cavit)-tz_pe cold calorimeter to the energy incident on the concen-

trator as measured by a pyrheliometer. Concentration ratio is the

ratio of the net projected reilective area of the concentrator to

the area of the aperture of the cavity calorimeter. To give an

indication of the quality of the various concentrators, a theoretical

maximum efficienc)curve for a perfect co_centra_or with a specular

reflectivity of 0._i is shown.

The electrofor_el nickel conce_trator with the rear-_:iounted

torus has slightl\ lower sFecular _eilcctivity as well as less

accurate geometry_ Ei_e less accurate gcometr} _ppears to be located

over section,s of the paraboloid near the rim as determi:_ed by an

optical ray trace method of mensurerent. It is probable that the

greater error in the mirror surface near the rim can be attributed

to the to,us locatio_.

The stretchfor_ed alun_inum concentrator data show less accurate

geometry and lower spec_lar reflectivity than the data from the nickel

conceDtraLors. The errors in the mirror surface geometry are mainly

located where backing strips are usel to join sectors together as

well as ii_ the regio_ where the torus is bonded to the shell. The

lower specular refleetivitv can be attributed to the inability of

the epoxy surface im[>rovement coat to cover the grainy surface of

tb.e stretched aluminum.

l_e efficienc)of the 9-1/2 ft diameter electroformed

nickel concentrator is below the data for all the other cor,centra[ors.

Several reaso_s for the lower values ha_e been determined. First,

the master had a slightly etched surface flus lowering the specular

4326-Final 3-8
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reflectivity of the concentrator. Sccond_ the area near the rim

was found to have a shorter focal length than the rest of the mirror

thus lowering the overall concentrati_g a[_ilit\.

Figure 3-7 slkows the power per poand o: coI_centrator weight

(specific power) that wo.1i be availa! le ii_ an absorber com[_i_.e,l with

each of the three small conceutrator_ of Fi_ ..... ,. fhe cold calor-

imeter data of Fig. _',-6 have [_ee:_ combi_e_l with a h)pot!.euic_il absorber

ha\'ing an absorptivity and e.:_issivit) o: i._ _o oi)tai_ ti_e:,e cL,r,,es.

l_he 9-i/2 [t dia_:leter coi_ce{_t rat or is _:ot s!_o._n i)cca_:_e it was _la,ie

as a check ou the master fabricatio:_ p:ocus_ a:_d _o a[[er_,pt was

n_ade to minimize the ,,.'eiLht of tl,e co_,,_e_trator.

Figure 3-7 call only l,e u_,ed as an indication of rest:Its

to date. fi_e co_ce:_trators are _ar fro,,:_optip,_ized and weight

impro',enents will occult.

Data on the dynamic qualities ot the co:_centrator str',_ctt_re

is sketchy. A nickel-electrofor_ed 5-L[ co:_ce_trator with rear-

mounted torus was subjecte,l to the Atl,_s-:\,:e_,a vibration spectr_:m at

a flight acceptance level with no la_',age, f_,is test _ie[:_onstrated

the basic ability of the str,acture to survive a vibration test. 'fl_e

tests _'ere performed at JPL during :late! _ l_I,_. S,apport ar:_s (oee

Fig. L-2) and a simulated generator were mou:_ted o:_ the concentrator

during the tests.

3.4 Optical Performance Characteristics of Co:_centrators

This section details with the optical performance character-

istics of the mirror surface. Surface characteristics and structural

aspects are treated elsewhere. This section includes:

i. the rationale for rim a1_gle selection

2. fi_e perfo_:_:ce o t an ideal c,,nce_tra_ or

3. Fhe effects o_! s,,_rface deviation

4. The effects oL misorientation

4320- Fi:_a I 3- I I
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3.4_i O_timum Collector ilim Angle

For a given collector dia_=tcr, various factors

affect the choice of the optimum collector rim angle. These include:

i. Structural integrit) of collector shell

2. Total of collector and generator support weight

3. Surface error distribution over collectors of different

rim angles_ as a function of rim angle

4. Cavity axial misfocus and radial misalignment effects

5. Subtended an_le of the solar source and limb darkening effects

6. 17_ermal distortion eflects

7. Angular misorientation as a function of time

8. fhe effects of rim angle on achievement of uniform heat

distribution within the cavity

9. Structuralerrors caused by orbiting forces

I0. Pac i_aging height

For a perfect colluctor wiLh perfect focus and

orientation when i00 percent of the _'c_leuted energy is focused into

the cavity aperture, the ma::imum colluctor-aosorber efficiency occurs

at a 45 ° rim angle. Ba_ed on 6 p_cc:_t oi_scuraLion_ a ceflectance

of 91 percent and a cavity temperature of 1700°C_ the variation in

total collector-absorber efficienc) be[wee:_ a 45 ° rim angle and a

60 ° rim angle "perfect" collector as abo_e would be less than one

percent. A qualitative comparison of 45 ° and 60 ° rim angle collccLors

is given in Table 3-I.
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TAELE 3- I

COMPARISON OF ill(;IIAND LOW RIM ANGLE COLLECTORS

I'YPIFIED BY 45 AND 60 DEGREE RIM ANGLES

Advanta4es

45 ° Rim Angle

Smaller theoretical image

Smaller surface area

Low packaging height

Less efficiency loss dt-e to:

Axial mis focus

Rim errors

Easier to achieve uniform temperature

distribution in cavity'

60 ° Rim An$1e

More rigidity

Less shell weight, for the same

rigidity

ShorLer and lighter generator

sul)port

Less efficiency loss due to:

!{a;_don. errors

Misorientat ion

l<adial misalignment in the

focal plane
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3.4.1.1 Optimization of Efficienc_

The optimization of collector-absorber

efficiency as a function1 of rim angle is highly dependent on the

in,po_LaL_ce gi\'e_ to each factor af_ectin b e_liciency. _my factors

which efl_ect optical erro_-s ca_ onl\ be _!etermined by experimental

studies of f_ll _calc collectors, llo,,'ever_ some first approximations

can be nlade to determine the importance of rim angle variation.

For _eneral background_ Fig. 3-8 s_mmarizes

many definitioi_s of ternls used in coI_centrator analysis. These

terms are general and will be used throughout the concentrator

ana lys is.

Flexure 3-9 illustrates the effect of rim

angle on the mirror efficienc'_. Mirror efficiency is plotted as a

function of entrance diar_eter to the cavity for four different rim

an;ales. For a perfect concentrators, it is shown that the highest

_irror eFficienc\ con be obtained with a 45 ° rim angle mirror at

the smallest entrauce diameter. !|owever, the difference between

a 60 ° and a 45 ° rim angle mirror is small.

Figure 3-10 illustrates the effect of

angular errors in the mirror surface on collector-absorber efficiency.

Once ngain_ the difference between a 45 ° and 60 ° rim angle mirror

is small.

Figure 3-11 shows the results of a series

of calculations in which the maximum collector-absorber efficienc)

was calculated for varyin_ cavit_ temperatures_ solar intensities_

misorienta_ ions, anti rim a_gles. A perlect mirror surface was

assur_ed. As shown,, misorientatio_ elfects on a 60 ° rim angle mirror

o
are less than the etfects on a 43 rim an_le mirror. Th_ _'_u_erence

in effects varies acco[-dinf_ to the degree of misorientatlon. For

high efficiency systems_ misorientation must be within the + lO-

minute area Once a%ain_ on the basis of an e::amination of

misorien[ation_ little difference exists between the 45 ° and 60 °
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i
rim angle case. 'fhe optimum rim angle will depend on solar intensit)_

dis:ance from [he sun_ cavity temperature and otker factors.

Figure 3-12 is a sumr:,ary of the optimization

of tl,e rim an_le vs misorientation !oc a pcrlect concentrator. As

s]_own_ at the earth's distance from the sun and a cavity of 1700°C_

the optimun_ rim angle is between 45 ° and 50 °.

fhe results of Fig. _-12 must be qualified

by the fact that real co_centrators will have surface deviation_

this will tend to increase the optimum rim angle closer to 60 ° .

lq_e other qualification is that l_one of the calculations in Fig. 3-12

have assumed reflection losses from the cavity. Introduction of

rcflectio_l losses will tend to make the optimum rim'angle smaller.

7.4.1.2 Optimization of Weight

fhe cLfect of rim angle on system weight

is such that rim angles near 60 ° are more favorable than rim a[igles

near 45 ° .

Figu_-e 3-13 illustrates a typical optimiza-

tion of collector a;_d g_neratcL st:ppoi't wei_'ht for a 5 ft aLld i0 ft

S', St e,<_.

Assuming that it is desired to maintain

the same resisLa:_ce th[oueh ti,a generator support arms no matter

what tle lungth; it can l:e s],o_cn that the weight of the support

arms is pro?ortiom l to the sq_:are of the length. The length of

the a_-_:_s is Lnve_s_:i,' ?:o?<_rti_ul_li to siue
r'

Ot_ the other l_and_ shallower dishes have

less sl_rface area per fro_ital aLea and a 45 ° skin will weigh iess

O

than a 60 skin for the same system perJformance.

_'_ '_ _'_ i _h_trateFhe calcuiatio_,s in ±'_-o- _-_J

a typical optimization. Generator- support weight will decrease

radieall, with an i_:crease in rim angle. Collector weigi_t will

increase graduall\, fhe optimum point will occur in the range of

O0 ° to 70 ° rim angle.
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In practice_ optimization of the rim angle

should be accomplished by a computer program which takes into account

obscuration# minimum cross section needed for satisfying vibration

criteria_ thermal conductivity criteria_ and etc. IIand-calculations

of this type are tedious. However_ in one case for a 30 ft mirror

it was found the optimum rim angle did occur at about 55 ° from a

minimun weight viewpoint.

_4.1.3 Selection of Rim Angle

As discusse_1 above_ the differences in

efficiency between a 45 and 6( ° rim angle mirror will be stroll.

Weight considerations favor the u_e of the higher rim angles. Mirrors

with rim an$1es outside of the 45 to 60 ° rim angle boundaries will

begin to suffer in efficienc).

Final ci_oice of the rim angle will depend

a great deal on practical considerations and detailed analysis of the

concentrator structure. It is felt at this time that the optimum

rim angle should be close to 55 °.

3.4.2 Mirror Efficiencl

Figure 3-14 is a nomo_raph of mirror efficiency

vs mirror diameter and cavity aperture diameter. An example of the

nomograph use is shown. For the case of a 5 ft mirror and 0.8 inch

cavity entrance diameter_ lines A and B form an intersection. Line

C is drawn between the zero point of the graph and the A-B inter-

section to intercept the ab_ci_sa at poi_t X. A liue parallel to the

ordinate is drawn from point X_ l_he example shows for a cavity

aperture of 0._ inch and a 3-ft mirror with a sigma of I0 ,:_inutes,

mirror efficiency will De about d_:, perc_,L_t .

Figure 3-13 shows an assumed surface distortion

vs mirror diameter used iu subsequent calculations, l'he curve for

i_64 is based upon ju,!gment regarding wl,at has been demo_istrated

to date. The cur\'e for i J68 is based upon existing technology with

increased experience in fabrication and handling techniques.
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Figure 3-16 shows a maximum power which

can be directed into a cavity from a given collector diameter assuming

the surface is perfect_ tile reflectivity is 0.85 and the mirror is at

the earth's distance from the sun°

Extrapolating from Figs. 3-14 and 3-15_

Table 3-II shows the mirror efficiency for mirror diameters of 5 ft_

7 ft_ 8.5 ft and i0 ft assuming a mirror reflectivity of 0°85 at the

earth's distance from the sun.

At present, two types of computer programs

are available for analysis o]- concentrator perforraance. One program

is an optical ray trace program with a surface error approximation

used to generate mirror efficiency calculations. This program is

available at Electro-Optical Systems, Inc.. and elsewhere.

A second type of computer program

involving a collector_ cavity absorber and absorber heat exchanger

is being developed by the Aerospace Corporation with the assistance

of Dr. George Shrenk. This program can handle entire collector-

absorber configurations and can include the effects o_-:

i. Coll=caors of aT_F size, shape or configuration

2. Orien[ at ion errors

3. Sun of any angular diameter

4. Limb darkening of the sun

5. -_ur_ace errors due to thermal distortion

0. Any diameter cavity aperture

7. Absorber surfaces of any confil;uration

Tl.e aerospace program is extremely rigorous

and is based on an assumed normal distribution of surface errors. More

recent modifications will incorporate the results of actual !!artmann

test data to derive the normal distribution. As an example, one case

of misorientation using the collector pro;ram takes about 60 minutes

on an IBM 7094 computer; adequate corrections for limb darkening

might have increased the running time four to ten times. For economical
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Cavity Entrance

Diameter 5 ft

TABLE 3-11

MIRROR EFFICIE_CY - 1968

Mirror Diameter

7 ft 8.3 ft I0

R
m =

H --

ft

.5 1

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

io0

I.i

1,2

1.3

1o4

1.5

.56 51 40 30

62 56 4_ 42

66 61 57 53

71 67 63 60

75 71 68 65

77.5 75 72 70

79 77 75 73.5

80.5 79 77 76

&l.5 80 79 77.3

82 81 80 79

83 &l.6 81 80

84 83 82 61.5

84.5 83°8 83 62.3

84_8 84.2 83.5 83

85 84_6 84.1 83_5

85 85 84.5 84
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reasons_ therefore_ parametric studies are more r_adily dox_e b_ the

ray trace technique. IIowever_ it is expected that the Aerospace

program will be developed soon to the point where it is economically

feasible to develop a large number of parametric anal_ses.

Figures 3-16 and 3-17 illustrate results

from the ray trace computer calculation which shows the effective

solar diamete_ _ as a function of focus shift from the focal plane

for an E.J diameter concentrator. One case is with no misorientation

and the other case is with 16 minutes misorientation. As shown_

the effects of focal shift can be drastic.

3.4.3 The N_ture of Surface Errors

Freq_cntly, for lack oi actual data_ random gaussian

error distributio_s hav_ bee_ use,! to represent collector surface

errors_ The random gaussian distribution does not adequately

represent:

i.

2.

3.

lladial errors at the collector rim joint

Circumferential errors at an) radial joints or ribs

Zonal defects of the mirror

In actual practice_ it appears that the maximum errors of an electro-

formed mirror are radial at tl_e collector-torus rim joint or due

to zonal defects of the mirror.

For the ray trace program_ a tenth order polynomial

error repL-esentation was chosen for mathe_atical and computer program

simplicity_ This error distribution concet_trates the errors _ear the

rim and therefore causes a higher efficiency loss_ for any standard

deviation error_ than at_ equivalent ram!ore gau_sian error. fhe te:_th

order poiynomi_l error distribution appears conservative but provides

a good approximation of the actual error distribution for electro-

formed mirro_ s.

Collector s_rface errors can be classified as:

microscopic_ macroscopic_ and long wave. A collector efficiency cannot

be adequately predicted unless each of these surface errors is

4326- Final 3-2_)



FOCUS SHIFT/FOCAL LENGTH

7569897

'_'> ; 1": ]



I

I

I I I I i

I 5.0\ '°°"_"E"7
I -D M 8 5'

I 7 °°

o/ J l l 1 I- .0128 - .0064 0 +.0064 + .0128

I

I-

I

FOCUS SHIFT /FOCAL LENGTH

SOLA}'_ [_'L\(];: I]Z/\.',lJ/L'I],',\,'_ I"O(';'_L ]k/, i i ._ _i?'J" ]:t]]_

7569898

-- 1



considered, i_oo often one or two of these types of surface errors

are disregarded in the estimation of collector-absorber efficiency.

Table 3-111 illustrates several examples_ and measurement techniques_

with comments on these three types of surface errors. If the micro-

scopic surface errors are disregarded_ the surface reflectance is

often overstated. If surface errors characteristics of macroscopic

effects on a collector are neglected, the standard deviation of the

collector surface is underestimated_

Microscopic surface errors cause diffuse reflection

which results in a lower elf eeL ire surface reflectance. These errors

can result from ol_tical polishing tcchniques_ telegraphing of substrate

defects_ haziness of free-cast plastic surfaces such as occurs on

spuncast masters_ or _icrorc, eLeorite degradatiouo Microscopic errors

explain the difference between the expected collector reflectance

(as determined from the reflectance of specially prepared coating

samples) and the actual ma×imum cold calori_:leter efficiency of the

complete mirror.

_,b_croscopic errors are tl_ose which are individually

visible to the unaided eye but which are very small compared with

overall mirror dimensions. The I, can result from gross polishing

defects_ stress concentrations due to bac_,i_g structure attachment_

or ripples in the surface of plastic spun cast masters, fhese errors

may easily escape notice in standard Hartma_:u or collimato_ tests

because the} may be small compared with the liartmann spot of the

beam from the collimator. These macroscopic errors increase the

area of the re!leered cone of light whereas the standard Hartmann

test measures the displaceme_t of the reflected cone cet_ter from the

theoretical image point. As shown in Fig. 3-15 _:_acroscopic errors

are present when product ab is greater than the product a'b' where a

and b# a' and b' are the minor and major axes of the actual and

theoretical images of the re_lected light co_e on the focal pla:_e.
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Long wave errors are produced by overall collector

fabrication errors_ gross master distortion and residual or environ-

mental stresses, i'hese errors can be measured readily by Hartmann

or collimator test methods.

3.4.4 Misorientat ion

As shown in Fig_ 3-iI_ small system misorientation

(on the order of 15 minutes) does not effect mirror efficiency

significantl). The losses are further exap',iued in Figs. 3-19 and

3-20 for several cases of mirror surface error and cavity entrance

d lame t e r.

As discussed in Section 5_ the loss of generator

power drops off with misorientation much _aster than mirror efficiency

losses would indicate. This is due primarily to temperature distri-

bution within the cavity_ an effect far moL'e serious than mirror

efficienc} losses.

3.5 Ti_e L,-naI Effects

Collector-abso_'ber efficiency is affected by t'_e following

temperature effect,_:

i. Ambient temperat,lre changes of the collecter and collector

struts

2. Thermal gradient accoss _ind thrc,,_gl_ Lhe collector silell

3. Differential ti_ermal e×pansion effects between the r[gidiz-

ing L_,rus and collector shell

To deter°mine Lhe transit orbital temperatures c_n the col-

lector a computer program was written to include the f<_llowing thermal

SOLIL-C es

1.

2

3

4

3

Solar

E,_,r th emission

Earth a ibedo

Cavity absorber reradiation

Radiator
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For simplicity _he collector was divided into five different

areas, one central area and four rim areas 90 degrees apart. Figure

3-21 shows the various temperature area locations. Ti_e input form

factors for various thermal sources for a 300 mile equatorial orbit

are shown in Figs. 3-22, 3-23, and 3-24. The heat transfer equation

used, together with a summary of the ccn,_tants, emissivities, and

absorptivities is given in T_l)!e 3-1V. For the temperature calcula-

tions of the rim positions, tlle torn iactors were adjusted to take

into account the variations in incidence angle with respect to all the

ti_ermal .';ources. Fi,_ures 3-25, 3-26, 3-27, and 3-28 show the transient

te:nperat_res of various surface pc,ints ue_%_ecti:_!1 t!_ermal conduction

effects. Figure 3-29 sh,2ws the central collecE,,r t,',aperat,Lres for a

22,000 nauLical mile orbit. Wit4 L!icr_:1_l ccnd_ !i_m between ti_e c(,l-

lect_'r points the plotted Lempecat',ires ;_re _iL, ;: :3 dcgrc:cs centigrade

These an,_lyses in'dicate Lhat c le co] lect_>r s!lel temperat{tres will

O

range fL'om -820C t__ ._,'./+C during erb/t.

T;_ble 3-V alL,piers z!_e steady stale maximum temperature

which mi:;h¢ be obtai1_ed u::in_; vacLous c_,nb/naLLv_ns of absorptivity and

e;:_issLvitv, A back suL-f{_c,, emissivity el 0.9 w.,uld require a coating

such as chemically deposited platinum bl:_ck. T_e 0.3 e_-aLssivity value

can easily l)e achieved by electrofcrmed nickeL. Coatings having an

absorptivity and emissivity of 0.I can be achieved by spraying cl_emi-

cally deposited silver on the back of Lile (ollecncr surface. A mirror

emissivity of 0.02 is probably more realistic than an emissivity of

0.i for the temperatures at which the collector oper,_tes. This change

in emissivity counts for a :naximzun change of 87 degrees and a minimum

change of 13 de_:rees.

"_.b_ 3-Vl s _ows the difference in ,_ rear-mo_mted torus and

collector rim ter,_peratures which might be achieved for vario_xs ca._,es

of absorptivity and emissivity, _q_E]ecting conduction effects between

the torus and collector sht,]i. Conch_c_ion would reduce the ,iT by less

than i0 percent. 'ri_is indicates that with a '_i-<_ly emissive and
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Equation

iABt.E 3-IV
i

"fEHF_RAIURE E'_U/,IIt3NS, f_SSUMFilO';S AND CONSIANTS

d Tn;

d¢
KI [ C b ' 4

= 1 - ::(i .¢ + '. (f_" i _ + , ii F (_'_

K ::i._ P; "" 0 g,:5 S S " '

i2

+ }t (F
(" (' [7 . { r." (9

(-1 1 + (_ _ - it- ...x " , ( i'_ ) +F<(, ' _ (T' - T
7 a i 1 :.,,i d :', ['_d' _! "

+ _, }-
i2t rm

As>,.nnptions and Constants

F. = orbit time = 0.0<_-%4_ hr ,'_ anti ,!.(,783ihr/° for 300 and 22.000

i 1 3 6o °

n,luti _al miles respectively

KI2 = cct

c ,, 0.11 Btu/lb" oF

D = 46.1 lb/in-- f t

t = 0,0107 in

,7 = 0.1713 x 10-8Btu/hr'ft2"°R 4 = -8 9 -4
5.672 x I0 w/m- (oK)

F = 1.6
nla

£ = 2 = C_ " , = & = < = () ]
r?, TIIS Ne I21- _l,_ i1_t "

:_m .-

eb = &be *br " (j'°

Tm = T b = unknown '.)I tht, eq,ta_ ion

T = O°K
O

1! = 442.7 Btu/hr..ft 2 = 130 w/ft 2

H = 74.4 Btu/hr.ft 2 = 21.8 w/'ft 2
C

A = (). _5

F ==

a

absorber-collector view factor

T = 900Oc
a

Fd, = radiator-collector view factor

"Id = "_q! R
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absorptive coating between the collector shell rim and tot-us and low

absorptive and emissive coatings on t!le trent of the collector shell

and rear {,f t',le t r_is, a temperature difference of less than 5°C can

be achieved between the collector rim and the collector torus. The

desirability of such a ].ow kemperat,ire difference and thcrcf<_,re low

back and front surface emissivities and absorptivities will be shown

in the thermal error analysis below.

Estimated t])ermal maps derived from the collector sut-face

points are sho_ in Fig. 3-30 for various orbit positions.

Ambient Temperatt, re Effects

The total change in the ambient temperatures from the origi-

nal alignment temperature is less than 144°C under any conditi,ms.

Based on a _!T of 144°C the net chatrge in the focal point due to the

change in strut length, mirror expand;ion, _0nd focal length change is

less than O.05-inch for a lO-f(_et mirr<_r. This axial misalignment

would result in an efficiency loss of less than i/2 percent. Localized

tran:_i_,L-Lt tcmperat,_r,_ differences on the collector shell will produce

even smaller efficiency losses due to the smaller incremental IT.

Collector Shell Ti_ermal Gradient

Based on a maxi:muu heat flux of which is appropriately <on-

servative, considering the 0.09 absorptivity of the collector for

solar and earth albedo radiation and less for other radiation, a tem-

perature gradient of less _ihan 0.09°C pet" inch would be produced

through the collector shell thickness. If the moment resvl]ting from

this temperature <,_radient is not resisted bv_ a moment at the rim, a

maximum error of 0.'23 minutes would be produced at the rim. Such a

tilermal _rndient _,.7o_,Idcreate a moment of 0._2 ll)s/in per lineal inch

at the collector rim. The application of an opposite moment at ti_e

edge of an equivalent sphere (Timosi_enko, Ref. 3-!) neglecting cancel-

lation effects of the thermal moment, would reduce the effective col-

lector area by as much as 3 to 4 percent due to gross distortions of
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the rim edge. The fact that a restor_tive moment cancels the thermal

gradient moment at the edge lowers the distortion area <onsidera:_],.

Reference 3-2 describes a rigoro_ts thermal analysis of a 9.75-f<,ot

diameter all-nickel toroidally supported collector. _[oweveL-, the

results of this analysis are not t-eadily adaptable t<_ other diameter

collectors because they do not scale with diameter. A computer solu-

tion must be developed. Additional work in the collector thermal

response area should include a computer analysis using this referenced

we rk.

Differential Thermal Expansion Effects

Differences beCween the torus temperature and the integrated

shell temperature will result in a differential thermal expansion

between the shell and torus. Assuming an entirely rigid connection

between these two elements, tilis difference will cause an edge dis-

placement which would result in shell rim distortions. Using

Timoshenko (Ref. 3-1) for an equivalent spherical cap, the maximum

area d_t wo;=Id be _ffected by a 9 degree temperature difference would

re_{ult in a loss of less than 1.7 percent of the collector area due

to gross distortion. Ti_is analysis, based on a rigid torus acth_ on

a spherical cap, is conservative. The edge effects from the thermal

gradient and torus-colleetor thermal expansion are not additive. In

practice an area less than'2 percent of ti_e total area might be

affected by the thermal gradient ud ,!iffer_i_ia] ':hermal expansion.

An approximate calculati,m {)f mirror deflection due to heat-

ing by solar radiation is given below:

A s s umc :

I. Flat plate approximation

2. Temperature is uniform throushout mirror skin when mirror

is ileatcd uniformly bv sunlight

3. A linear temperature gradient exists through t!le tilickness

of the skin

4. Boundary conditions assume a simple support for the outer

radius and a free inner radius.
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SUNLIGHT

POSITION BEFORE 1
HEATING I o ._J

Re re_fence :
N_,_:l,ln ,Hld F,lllaS , "]]el]dJ[lt: _tre,_;ses D_e to T<,inpero,ture in

llollow Circular Plates, PAL'[ III," Journal of the Aero/

Space S<iences, Vol _7, N<._ 12• - • , pp. 951-952, December 1960

per reference; where

wh r-
: _ - I

oT D b 2 b -2

T : tempeLv_ture of the upper face minus temperature of theU

lower f:]ce

_ = coefficient of linear expan.sion

5in,,, w is the deflection whici_ varies as r, the induced deflection

ang le, " :

w
Lan --

r

0

' T D r

This i]lustraLcs that defiection is _',reatest at the edge of

the mira-or. Assuming that an aver:_ge can bc c':<pressed.
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av. q = J

a

o h

-s

r .2 "r"r

For nickel:

For aluminum:

°T D
av_ _ - 2/3a

h

coefficient of expansion

thermal coIlduc t iviEy

coefficient of expansion

thermal ccnductivity

-I

:. 14 x 10 -6 °C

cal

-: 0.14 oCSeC CIII

W

:-_ 0,585 Oc cm

-6 o
--_26 x I0 C

-i

cal
_ 0 . 5 o..

sec G tin

_q

<_ 2.09 "UC cm

Calculation of TD

S_mlight

Q ,q

reflected

Q
r

reradiated

Qf

QR

reradiated

Q _. :., !{ A., "'mirr,,r
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wh e re

H = :_o tar coils LanL

Qs = Qr F Qf + QR

(Qs = Qr ) = QE + QR

Qf = o T mirror Amirror
= c

wi_ e r e

-: = emissivity of tile front surface
1:

-'. = emissivity of the rear surface
R

) : O '[' ."_, C

"R i:li ['_'or mir;:er R

An _,ppro:<imate formula for T D

Qa = (q. Qr) Qf -

-'A T D

w'a e re

"_ = thermal conductivity

A = area

assume tliliL area

c

QR(1 -F _)o = Qs - Q
R

,p

_D

('_ qr)
11 ( :,

i]
t :R !
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I

Therefore

2

(-_ - 2)
b-

9

f']3_ ((!_. - Qr)

C

(t + -£)
C

R

_, (Qs: Qr )

.<

(1 + 7i)
R

A,;sume 0.010-inch nickel skin and a 10-foot mirr{'r

cf 0.1., c
9

R = 0.", (Qs - Qr ) = (')" ]%) (0.14)w/cm _

t i] 01l

a = 5 -[oo t

_IV.

T D =

0.23,-3 minut_? oi ,t_

0.I:)_;, minute of arc

it:-- (:. x.). (0. _,) L!_J-ii
(o._ _,) i.t L

.: 0.0008°C

Assttme a O.OlO-inci_ aluminum skin, a = 5-foot, ¢'s at, ' ' he same

_: : (,,).1238 rain. o- arc)
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3.6 Structural Aspects

This section deals with the design limits impo,,;ed on concen-

trator structures by various envirommental and material conditions.

The subjects are:

1. We igh c

2. Membrane stresses imposed by acceleration along the axis and

the chances of exceeding material yield levels

3. Compressive buckling as a function of axial acceleration

4. Lateral acceleraLion effects

5. Shock

6. Aco_lst ical vibration

7. The effects of card1 tests

3.6.1 Concentrator Weight

The weighL cf the concentrator is composed of the

skin, torus support, attachments, torus-skin webbing and other com-

ponents depicted in Fig. 3-i. the specific weight of the concentrator
9

is usually expressed in t,ar'_ of total pounds per feet- of frontal

surface area.

The weight of the concent_-ator is she_m in Fig. 3-31

as a function oE specific weiy, ht and diameter. Also sho_ are examples

of the weight of concentrators fabricated to date.

The state of the art {n solar concentrators is limited.

Very little optimizanion oi concentrator skin or support has occurred.
9

It is anticipated that specific weights of 0.5 to 0.3 Ib/_'et- can be

achieved depending on fabricatLon technique. The stmtct'ara[ analysis

presented in this text confirms that no inherent structural limit

exists _¢hich prevents low specific weights. The primary obstacle is

the need to improve manufact _rinF, techniques and the abi]itv to form

lizhtwcight, accurate structures.
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3.6.2 M_ml)rane SLL'esses

This section examines Lhe membrane stresses in the

skin due to axial load_n!.t. Assume the re[lowing model

_-Ro -J

I _e n

/

// ,.L-_ \

. /"%
/ /
l /

j!/
/
!

where q is the unit area shell load:

and ql and qn the meridianal and normal components:

ql = q sin

a : -q cos <

"ii

and R 1 and Ro rile meridianal and hoop radii:
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2f
R1 - 3 n

COg

2f

R2 cos n

The acceleration in g's is denoted by n.

From Novoshilov (Ref. 3-5) for a parabolic shell tile

meridianal and hoop forces per lineal inch T 1 and T2 arc:

Ti = _-7_qir i + ]3 ') I + cos :'._i
-COS- q

9

F i co s n n
1 1

']72 -wH_ 3 1 + c<_s 5 J

The meridianal and hoop stresses are respectively:

T 1
"T

i t

or

2 [- 1 I

i 3 ,ogfn '2 T i + cos :-J
-COS "_

0

2 r cos- _

c2 = --- _gfn 23 1 t col: ":

-fh ' .... -_'"cLc ....e at the ape:<, : 0, these ,'qtresses are: (for nickel)

O

l(o) : ,%(o) ' " 'c : ,!)n [:,,, in-
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For a spherical shell covering the same area and

having the same ileight the meridianal and hoop stresses are:

1

1 Ro I + cos£gn

1

c 2 -Ogn R (cos )e 1 + cos ::

Figure 3-32 shows the summary of membrane stresses

for tile parabolic shell and the spherical approximation for Q from

0 to 30 degrees, where a is the angle between the collector axis and

radius of curvature. This figure shows that the spherical approxima-

tion to the parabolic shell is a fairly good approximation and can be

used without significant error. Tile relatively low stresses per g

indicate that the tensile stresses will be less than 570 ib/sq in.

for a maximum 10g axial acceleration given in the environmental speci-

ticaLions. Hc_wever, since the collector shell has a high radius of

curvature to thickness uatio a careful investigation of compressive

buckling stresses is required_

3.6.3 Compressive Buckling Stress

In considering the buckling of the collector subjected

to an acceleration during launch along the axis of revolution, it will

be assumed that a oneg acceleration is equivalent to an external pres-

sure given by the following,

O

p = igot = 0.32t Ib/in- (for Ni)

The buckling pressL_re of a complete spherical shell

under extem_al pressure is Niven by the following equation,

2
') f-

p = E --

cl _ 1 .2 R(-_)

where R is the radius of the sphere;
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In practice structures never can withstand the

theoretical buckling pressure. ]Therefore the fraction

P
-- --- "critical buckling factor"
P
cr

has been L1sed to represent tile experimental or predicted l)uckling

pressure where p is the experi'nental buckling pressure. There is

wide scatter in tile experimental buckling pressures of spherical and

hemispherical shells. In the range of R/t from 500 to 2000, the range

of P/Pcl is from 0.I0 to 0.33. At an R/t of approximately 85,000

tests on the Echo I spherical balloon gave values of P/Pcl ranging

frown 0.12 to 0.18 (Rcf. 3-6).

If one considers !le collector to be a ,_fllallow shell,

more experimental and theoretical re,_ults are available, i'he shallow

shell approximation is violated by the collector, but cite information

is ,:sef_tl for pointing out trends in the experimental data

For a shallow spherical _hell,

h
- << i
b

F(r the 600 collector,

h
- = 0.29
b

where b = the radius of the ,,;hell (2.5 feet for a 5-foot collector).

The only case of a shallow spherical cap s_J)jected

to e>:ternal pressure that has received much attention is the case of

clamped edges. For this case the buckling pressure is a compl_cated

function of a parn:necer _. defined as folio_Js,

0 nl/4 b
= <12(I-,-)

.,R T
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which is

17.9
>_ _ 180

,,r7

for the collector.

All of tile shallow shell data reported is fer ", less

than 30. For val;[es of greaL_,r than 20 the expe_'Lmcntal data gives

P/Pc -_n_,in< from 0 20 to 0 70 with the hh_her w_lues given bv the

m<'re carefully manufact _r,_d ,':hells.

A_: corroborated by hr. Babcock, the best: t;_u<_ret[cal

analysis now available is lluanH's ([%cf. 5-7) w]l[ch gives the following,

P/Pcl = 0.86 for large _,.

This analysis and related e>:periments are for ti_e case of clamped

edges. The effect of other boundary conditions is unknown, but one

...._Id e._:pect this effect to be less in the high _ range as compared

to Lhe low )_ range.

With the scarcity of theoretical and e._:perimental

data available, an 5" prediction ef the buckling pressuz-e is somewhat

in question, To more accurately predict this pressure, experimental

data in the range of parameLers corresponding to the collector are

necessary.

The large scatter in the buckling pressures obtained

from experimental studies can largely be traced to geometric irregu-

larities. In general, it can be said that the better the shell the

higher the buckling pressure. F_-om this consideration, one would

- _Ue lectrofo_mled collector to beexpect the bucklin:] pressure Lo .... e

q,iite high, This is borne out by the fact that the data for complete

v __

spherical shells, which are hard to manufacture, suuw io_" b_,Pklin__._

pressures. However, shallow spherical shells with ratios of radius

t<' thickness up to 4,000 show high buckling pressures compared to the

classical pre_{su_e, 0.60 d P/Pcl < 0.86, if the shell is carefully

manufactI_red, (Ref. 3-8).
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P/Pc =A!;sunling the buckling pressure is given by i 1/3

which is a logical compromise between the data of Refs. 3-6 and 3-8,

the required thickness would be,

2
t

E(_)1
..... 3 _gt

P 3 Pcl 0

3..t ( L--,

-3
t = 9.5 × I0 inches for a 61 de:_ree rim angle, nickel skin

-3
= 10.7 :: I0 inches f('r a 55 degree rim angle nickel skin

Figure 3-33 shows the number of g's a collector shell

of thickness t will withstand before buckling for the design P/Pcl

ratio and Llle P/Pcl ratios sug,__ested by the work in Refs. 3-6 and 3-8.

Another consideration in the buckling problem is the question of what

constitutes failure of the collect_)r.

To assess the structural integrity of the collector,

it is necessary to establish a criterion for failure. It is clear

that either of Lhe following condiLi_)_Ls would constituLe local failure:

I. Exceeding: the yield stress such that the surface is perma-

nent ly distorted

2. Buclclin_ _o the extent that snap-back does not occur

If a sufficient portion of the mirror area is affected by these con-

ditions, to the extent that performance suffers significantly, the

mirror may be considered to have failed. The first task of the struc-

tural analysis, then, is to assure that _he material yield stress is

never exceeded under any unforeseeable conditions. This can be accom-

plished rat-fief readily for starer condition:;. Yielding under dynamic

conditions is more difficult to deter:nine. It. depends on amplification

of the vibration under resonance conditions and is strongly dependent

on vibration mode :;hapes, natural frequencies, and damping of the

structure, and on the characteristics of the vibration spectrum.
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Most of the available theory and data on buckling is

concerned with determining the stresses or pressures at which buckling

begins. Ho_lever, this does not necessarily represent a good criterion

for structural failure. If the local yield stress is never greatly

exceeded, and if the buckled area snaps back after the buckling stress

is removed, there is no reason to consider that the structure has

failed. Experience has been that considerable local buckling of thin

concentrator structures can occur under vibration and shock conditions

without resulting in any permanent damage to the surface. Unfortunately,

little work has been done to determine the extent to which buckling can

occur without resulting in permanent degradation of optical properties.

At the present rate of development, it is not believed feasible to

attack this problem analytically. Some experimental investigation

_ill be required for specific configurations of interest.

3.6.4 Lateral Acceleration Effects

In the membrane analysis of the collector shell sub-

jected to uniform transverse or lateral acceleration, the analysis is

simplified by assuming that the collector is a spherical cap having

tl_.e sarae base diameter and height as the parabolic shell. The shell

diagram in Fig. 3-_2 depicts the nomenclature used for the lateral

acceleration analysis below.

The unit load vector _I is q = q T = agnt T . The
X X

load magnitude is _gnt and _ is the unit vector in the x direction.

Therefore, the meridianal hoop and normal loads are:

ql = el q = cos-9 cos£

• = sin_
q2 = e2 -q

qn = en " _ = q sin_ cos6

Using the notation of Novozhilov, Ref. 3-5

ql = ql,l

q2 = q2,1

qn = qn,l

cos@ where ql 1 :- q c°sZ

sin_ where q2,1 - -q

cost where qn,l _ q sin
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Figure 3-34 shows the membrane stresses as a function

of _ plotted from the above equations. Hoop and meridianal stresses

are of the same order of magnitude as in axial loading and have opposite

signs at the same position. Therefore, compressive buckling will not

be a problem.

3.6.5 Vibration

The vibration characteristics of this structure will

be dominated by the torus mounting since the collector shell and torus

are rigidly joined. To better understand the analytical complexities

of this problem, the st_-uctural frequency response will be broken into

three parts:

1. Shell

2. Torus

3. Shell and torus

3.6.5.1 Shell Frequencies

At least four possible edge mountings will

determine the lowest natural frequency, fn' of the shell. These result

from the two alternate methods of supporting the collector in both the

launch and orbit phases. These variations and the lowest fundsmental

nodal response are:

i. Eight-poi:tt torus support during launch (four nodal diameters)

2. Continuous torus s_pport during launch (one nodal circle)

3. Tripod support during orbit (three nodal diameters)

4. Quadrapod support durin_ orbit (t_:o nodal diameters)

An example of the fundamental responses for these frequencies is shown

in Table 3-V. The fundamental frequcncies for Cases I, ?, and 4 were

calculated from the fgllowing equation from Reissner ([_ef. iJ-_J):

1/2
t E O

f - 4(i- z) (n_-l)n 2-,
,)

2:_X- 12r (I-2)n
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whece

12 =

,2 =

R =

E =

number of nodal diameters

Poisson's ratio

density

collector radius

modulus of elasticity

The frequencies derived for Cases I, 3, and 4 are 18, I_;, and 8 per-

cent higher than the corresponding frequc, ncies derived fron a flat

plate of similar diameter and thicl,zness.

Noraographs cove_-in_ parabolic shells sup-

ported as in Cases 3 and 4 are given by Lin and Lee (Ref. 3-10).

These results are also included for comparison in Table 3-VII. The

paraboloidal frequency for Case 3 may be in error as much as 50 per-

cent since the referenced nomograph _,:as extrapolated to obtain this

value. Since the values are close to those evaluated for the spherical

cap, the spherical cap approximation appears valid.

In each of the above cases the fundamental

frequency is determined largely by the energy" stored by inextc_nsional

bendinF. Therefore, frequency is deI_,,mdent on the shell thickness and

almost independent of shell curvature.

The fundamental frequency derived for Case 2

is high because the majority of the vibration ener._D" is stored in

stretching the shell. As can be seen in Table 3-VII, the lowe_u natural

frequency for Case 2 is highly dependent on the approximation used.

Naghdi (Ref. 3-11) shows that the lowest natural frequency for a thin

shell hemisphere is

0 _87 E
f -
n 2 J_R

Therefore, for a hemisphere having the same rim radius as the collec-

tor the natural frequency would be 438 cycles per second; with the

same radius of curvature as the average spherical radius of curvature,

the natural frequency _ould be 237 cycles per second.
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The following equation from Reissner (Ref.

3-12) approximates the natural frequency for clamped thin spherical

shel is :

O

2.98 t E 7
fn = 2:_ ) 2 1 + (l+-) 0.9 - 0.2(1+-)] -7h_2

R- -(I-: ) t

i/2

where h is the collector sagitta.

However, at high h/t ratios this equation

may be in error as much as +18 percent as demonstrated by Hoppmann

(Ref. 3-1]). The calculated frequency of 384 cycles per second is,

as one would expect, between the two frequencies calculated for

various hemispherical radii above. Based on the questionable assump-

tion of a completely clamped edge, and on the scatter of answers from

the analytical solutions for a clamped edge, the natural frequencies

calculated for this case may be in error by a factor of 2.

3.6.5.2 Torus

The natural frequencies of the toru_, f
ll,U '

Table I-VIII were derived assm:_ing thae the torus is a complete ti_-cular

ring whose radius is large with respect to L-ing thickness in the Ladial

direction (i{ef. '3-14). For the four types of mounting described in

Cases 1 through 4 in Subsection 3.6.5, the extensional and flexural

vibrations, both in the plane and normal to the plane of the torus

ring, have been calculated. The flexural vibrations are applicable

only to Cases I, 3, and 4. The equations used to derive frequencies

are based on Harris and Crede (Ref. 3-14). Extensional frequencies

are derived from tlle equation:

where m
r

I E_r 4 9
f - (l+n _ )
n 2_ m R 2

r

is the torus mass per lineal inch, R the collector radius

and r the torus cross sectional radius.
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TABLE3-Vlll

TORUSNATURALFREQUENCIESf , FORVARIOUSSUPPORTSn_r
FORA 10-FT MIRROR

Case Torus Support Mode Frequency in cps

1 8 4>. ! 516

4>. = 520

2 Continuous Extensional 2160

3 3 3>. ± 2 67

3>. = 273

4 4 27. i 93

2?. = 97

NOTES

Assumed a torus weight of 25 ib; ."

?_ wavelen_%hs, flexural vibration

i perpendicular to torus plane

= in torus plane

10-3 2 om = 0.57 x ib sec /in-
r
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Flexvral frequencies in tile plane of the

torus ring are derived from:

1 E_r 4 n2(n2-1)
f -

n 2 _ 4m I<4 (n2+l)
r

The flexural frequencies normal to the plane of the ring are derived

from:

I E_r 4 n2 (n2-1) 2
f = --

n o -_ R4 "_' 4m (n-+l+v)
12

3.4.5.3 Toru s-,_{heI I

At present, there is only limited published

information on the empirical determination of natural frequencies of

toroidally rigidized solar collectors (Refs. 3-15 and 3-i!,). This

work was done on 5-foot diameter mirrors. Although JPL is performing

experimental work in this area and although they are developing a com-

puter program which can determine natural frequencies of any parabo-

loidal shell-torus combinatiou, no simple analytical means are yet

available for the calculation of the torus-collector shell natural

frequency. Therefore, the determination of this frequency will be

based on simplifying assumptions. First, assume that the torus will

store all the vibrational energT. Next, a portion of the mass of

the collector shell and a part of the shell stiffness will be added

to the torus. Experimental work at JPL indicates that approximately

52 percent of the shell mass should be lumped to the torus. If one

assumes that the shell stiffness is between 0 and 1 times the torus

stiffness, the resultant combined resonant frequency will be from 1

,/2 °to times the torus frequencies with lumped masses A sun,mary of

the combined shcll-torus frequencies for the four cases described
i

above can be calculated from the following equation
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where f

(1/2)
m D +D _
r r s

f = f
n,c n ,r m +m D

r S r

is the shell-torus or collector natural frequency, m is
n,c r

the torus mass, m the shell mass, D the torus rigidity, and D the
S r s

shell rigi litv.

3.6.6 Vibration Effects

The structural response to vibration effects is

dependent on the structural dampening, which determines the resonance

amplification factor, A
r °

C
cr i

A - -
r 2C :i

where C is the dampening coefficient C , the critical dampening
' cr •

coefficient, and i the dissipation factor. Structural dampening is

a function of both the air dampening, C , and material dampening, C o
a m

If the collector is approximated by a square plate with the

same thickness as that of the collector and with a length and width

_qual to the coll_ctor diameter, the air da_np___ning can be determined

ca <I (,4here 0o is the frequency inby either of t_Jo equations. When 7_c

radians/second, a the length and width, and c the velocity of sound)

or f < 12 cps, the dampening on both sides of the plate is as follows

(Ref. 3-17)

C c

a m :,
= 0.636

C c _
cr m

where c and _ are, respectively, the speed of sound and density of
m m

the plate material. For air dampenim" on botil sides of a nickel shell

the air amplification factor A = 400. llo_mver, due to the high
r_a

diameter to thickness ratio, the amplification factor should be further

reduced because of dampening due to inphase air acceleration. This

reduction is not easily determined.
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When _c > 3 or f _ 36 cps, the dampening is dutermined as

follows :

C 2
a c D

"C - 0.175 (l_ef. 3-17):_, c 2
cr m m t

where t is the shell thickness and D the collector diameter. A
r,a

for this case = 0.00025. The wide amplifi.:atien variations above

36 cps and below 12 cps are due in part to tLc xclusion of inphase

air acceleration dampenin!_. Tests should be made to verify these

formulae for large X/t ratios.

Mechanical dampenitlg depends on such factors as:

1. F_ter ial

a. Composition, structure and homogeneity

b. Stress and temperature history

2. Internal stress

a. Initial stress

b. Changes caused by stress in temperature history

3. Stress conditions in use

a. Type, i.e., tension, compression

b. State of stress, i.e., triaxial and biaxial

c. Stress magnitude

d. Stress variations

e. Environnent al characteristics

For most materials, the amplification factor ranges between 6 and i000.

Since nickel is a magnetic material with high internal friction, a

n_aterial dampening amplification factor, A of i00 appears conserva-
r_rN

tire. A total amplification factor then is calculated as follows:

i I I

A A A
r r ,a r ,m
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I

Therefore, for frequencies less than 12 cps, the combined amplification

factor is ,nuch less than gO; for frequencies greater than 36 cps, the

amplification is much less than one. The amplification factor for

vacuum is i00.

The resonant stress, '_r' is given by. _r = 71g x Ar x n

where, _-i_,,is the one "F_"•stress and n the number of g.

Tal le 3-IX lists the resonant stresses and ratio of yield

stress to resonant stress for the four cases of torus mounting in

launch and orbit when applied to a ]O-foot mirror. In Case I, the

8-point torus suspension durin_ launch, extremely high resonant stresses

are calculat_ !. Reduction of these stresses can be achieved by the

following means:

I. Tapering the torus to equalize torus stresses

2. Increasing the torus moment of inertia

3. Designing for friction d_ipening between the torus and

radiator

4. Friction dampening between the radiator mounts and torus

brackets

5. Empirically determining the actual dampening of the torus-

shell combination

To achieve a safety factor of greater than 1.0, a 40-fold

increase in dampening would be required.

Case 2, the continuously supported torus, exhibits extremely

low air damped resonant stress. More complete analyses are required

to determine whether resonant stresses may be a problem under partial

vacuum conditions toward the final boost phases. The torus resonant

stresses for the tripod orbit support are high.

The natural frequency for the quadrapod support, Case 4,'

is lower than the environmental specification and no stress problems

should therefore be encountered from orbital vibration.

Since the vibration response is highly dependent on dampening

coefficients, natural frequencies, and mounting details, additional

empirical studies of the detailed design are necessary.
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By using vibration isolators for the torus support

during launch the a:Tplification at the nat:_rai resonant frequency can

be reduced by at least a factor of two.

Tile vibration analysis indicates chat a contin_ously

supported torus is the preferred design during launch, and that a

quadrapod supported torus is preferred during orbit.

The effects of dynamic loading on compressive buck-

ling imve not and cannot be readily detenuined from available analytical

or empirical st,ldies.

3.6.7 Silock

A typical critical shock specification is the 35g

shock lording by eitTer a l0 millisecond trianf_ular pulse, an 8 milli-

second half _in__* wave pulse, or a rt_c_anF,iI_L- pulse of 5 millisecond:-.

Table 3-X sumraarizus the L-es'_Its of this la_'nch shock on the criti-

cal c_,mp_,mq_ts :or Cases L and 2. II the natur_tl p,_riod wf t'le element

in question is great_,r than the shock period, t.i_e displacement of the

element governs the ultimate stress. If the period of the element is

less than the shock period the acceleration governs.

For the eontin,tously mounted torus the taa.'-:i_numshell

stress would be < 2,100 pounds. In this case the hitch shell dampening

will prevent any resonance amplification and limit the maximum g t,,,

35 or less.

TABLE 3-X

SI[OCK SUY,D[,\RY, 10 FEET HIRROR

Nat u ra i

Tor-,,,q Period _×imum Acceleration M_Tximu:,q Stresses

S.upport Seconds Determined by psi

Continuous 0.001 Acceleration - 35g Shell 2,100
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3.6.8 A_oustical Noise

The effect of the 148 db acoustical noise field of the

Saturn must be studied both from the standpoint of static buckling

and dynamic stress.

The sound pressure level of 148 db Re 0.0002 microbar is

2
equivalent to an rms pulsating pressure of 0.07 ib/in From Olson,

Ref. 3-18, the net radiation pressure (assuming the shell is an

infinite wall) from acoustical noise striking the shell from one side

is given by the following relationship:

Pn (v + I)--_6-9
_0c

where

Pn =

¥ =

p =

C ----

the net radiation pressure

the ratio of the specific heat of air at <onstant pres-

sure to the specific hunt at constant volume = 1.4

the pulsating acoustical noise pressure

the air density

the velocity _f so md in air

Therefore at a 148 db acousti<:al nei_:e level the n<_t radiation pres-

sure is 6 x 10 -4 psi wllich is an order of magnitude less than the

critical buckling pressure for the shell. Since the acoustical noise

level will be approximately constant on both sides of the collector

shell, there will effectively be no net radiati(_n pressure. Therefore,

from a static standpoint no buckling should occur.

For a flat plate the mean square stress value is given by

the following equation from R_,f. 3-17:

O

Kl4c_a-9 l

E2tS= p" n
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where

(_)2
n

KI4

C
m

= mean square stress value

= proportionality constant

= velocity of sound in material

a = minimum plate or shell width

E = modulus of elasticity

t = plate, shell thickness

C

C
cr

= pressure function of natural frequency, J_', and
n

acoustical noise level

Some experimental data is available on the stresses arising

from a 148 db acoustic noise pressure level on aluminum flat and

curved plates (Ref. 3-19). The stress in a similar nickel plate can

be inferred by dividing the stress equation for nickel by that of

aluminum, thereby cancelling KI4 and _p(_n) so that

r

-- _ o c a2 2 t3
mani ni Eal al-_al

(V2)n,ni = (v)n,al Cm,al a 2 E2 t3
al ni ni -ni

For the nickel shell _ is determined from the air dampening

equations in Subsection 3.6. In the case of the clamped shell, where

the natural frequency is above 36 cps, _ is 2 x 103. For an aluminum

plate of these dimensions the ratio of structural and air dampening

to critical dampening - is less than 0.01. A surmnary of constants

used follows.
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Nickel Aluminum (Refo 3-19)
Item Units (Ni) (AI)

(_)2n ib2/in 4 25,000

c in./sec 1.9 x 105 1.97 x 105
m

a in. 360 9.36

E psi 30 x 106 i0 x 106

t in. 0.0107 0.032

" -- 2 x 103 _ 10-2

Therefore, the nickel shell stress due to a 148 db acoustical noise

level will be less than 230 psi. Even if the air dampening factor of

the collector shell were in error by a factor of 200 to 300, the

fatigue strength of nickel would not be exceeded.

In the proposed design, additional resistance to stress

fatigue is provided by the curvature of the shell and tile predominantly

tensile loading provided by the launch acceleratior_. The improvement
in resistance to acoustical failure as a function of shell curvature

and static pressure, equivalent to static acceleration, on the concave

side of curved plates is also discussed in Ref. 3-19.

From the experimental data of Ref. 3-19 the edge mounting

design is very important. Therefore design details which increase

friction dampeningand which reduce localized edge stresses, will

reduce any edge effects of acoustical noise.

3.6.9 Thermal Effects

The all-nickel collector structure has a high resist-

ance to thermal stress and thermal shock. At no time will the tempera-

ture over the entire collector vary by more than 120°C. Based on a

-6
thermal expansion coefficient of 7.3 x i0 and a modulus of elasticity

of 30 x 106 , for nickel, the maximum possible thermal stress even
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assuming a completely rigid torus would be of 44,400 psi which gives

a safety factor of greater than 1.5 relative to a 70,000 psi yield

strength.

The resistance of this structure to thermal shock

will be high. W!_ilc no _;tandard thermal shock resistance test exists,

good thermal shock resistance appears to be a function of the ratio

Ks/e'E, where K is the ther:_al conducticity, s tl_e tensile strength,

_ the linear coefficient of the_-mal e._pansion, and E the modulus of

elasticity. This ratio shows that the_ual sho<'k L'esistance is favored

by high tensile strength, ',ligh thermal conductivity, ]._w _nodulus of

elasticity at failure and low tilermal expansion. Based on comparative

values of the above coefficients, for co_nparable structures and then_lal

variations nickel has a thermal shock resistan<:e comparable to that

of aluminum.

No stL-_ctural degradation is therefore expected from

either thermal stress or shock.

3.7 Concentrator Coatings

The nature of the reflective qualities of the mirror will

be determined by :

1. Subst rate

2. Undercoat ing

3. Reflective layer

4. Overcoat ing

Figure 3-35 illustrates the reflective properties of silver,

aluminum, and aluminum with a Si0 overcoat, coated on glass, as a

function of wavelength.

For solar radiation, the maximum reflectance measured to

date has been 94 percent and 89 percent for vacu_im-coated silver and

aluminum.

In some ca_es it may I)e necessary to use a coating between

the substrate and the refle_'tive layer for one of the following

reasons :
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i. To imps'eve adhesion of the reflective layer

2. Tc_ prevent diffusion of the reflective laye,_" into the sub-

strate or vice versa.

Depending on the sub,_trate and reflective layer, one or both of these

functions often can be satisfied by a vacu,tm depc_;iLed layer of a

dielectric such as silicon mono,_:ide or cerium dioxide.

Only two pure metals, aluminum ,ind silver, have reflectances

high enough for solar concentrators. It is also possible to obtain

high reflectance using multilaver interference filters of alternating

and metallic and dielectric materials, floweret, the art of applying

these coatings to large area curved surfaces has not been developed.

Therefore, they will not be considered furtllcr.

Aluminum. Vacuum deposited aluminum on an opti_allv smooth

substrate has a reflectance of approximately 89 percent for the total

solar spectrum. Al,,imin_,Lm is a chemically durable material. I_mediatelv

after e.'_posure to the atmospi_ere a thin, transparent layer cf aluminum

oxide forms on the surface that prevents further oxidation. Aluminum

is :-ather soft and easily abraded and may require some protective

overcoating if extensive ground handling or cleaning is anticipated.

Silver. Silver can be deposited either by vacuum deposition

or by chemical reduction. The latter approach is used as an integral

part of the process of fabricating electroformed nickel concentrators.

Either type of silver has an average reflectance of 93 percent or more

for the total solar ,_pectrum. Silver tarnishes when exposed to certain

chemical contaminants such as sulfides and faust be protected during

ground storage. IIowever, if adequately protecLed, the L-eflectance of

silver can be maintained at a high level indefinitely, th<is offering

a _orti_w[lile performance advantage over aluminum for '_;olar concentrator

applications. This protection is relatively simple and can take one

of the follow_ng fo_,-ms:
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I. Storage in a clean atmosphere (clean air, nitrogen, argon,
etc.) in a plastic bag or box

2. Coating with a plastic surface layer that would be removed

prior to launch

B. Coating with a sublimating plastic layer that would evaporate
in space after deployment

Chemically-deposited silver is muchmore durable than vacuum-

deposited silver. It has been found that vacuum-deposited overcoatings
do not satisfactorily protect silver against corrosion. Furthermore,

they lower the reflectance to the extent that the advantages of silver
are lost.

In manycases it may be desirable to protect aluminum reflect-

ing layers with a transparent overcoating of a dielectric such as

silicon oxide of SiO2. Several oxides of silicon !lave been investi-

gated. Si203 appears to give the best optical properties. T'_e primary
purpose of such a coating is to prevent damageof tile reflective layer

prior to launch by providing a hard, durable surface that can be easily

cleaned. Somechemical protection will also be obtained f_-omthe over-

coating. The real necessity for such a coating is problematical, since

a reasonable degree of care in Imndling the mirror should obviate the

necessity for cleaning between fabrication and launch. Protection

afforded by a silicon-oxide overcoating in space has not been determined.

However, preliminary experiments have shown _hat such a coating might

provide someprotection against degrading effects.

A second type of dielectric overcoating is obtained by anodiz-

ing the aluminum reflecting layer to form a thicker aluminum-oxide coat-

ing. This technique was developed by the group under Dr. Hass at Fort

Belvoir and has been further developed at Boeing. Whenproperly formed,

such a layer can provide protection and optical properties comparable to

those of the silicon-oxide coatings. Goodyear is experimenting with a

proprietary coating that can be put on aluminized Mylar to increase the

infrared emittance for temperature control purposes. The composition

of this coating is not kno_n.
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3.7.1 Solar Intensity

Figure 3-36 illustrates the solar intensity typically

encountered on a Mars and Venus mission as a function of time.

Table 3-XI summarizes the solar intensitv at various

locations.

TABLE 3-XI

PL\NET DISTANCES

Solar
9

Distance _AU) Intensity (_,/ft-)

Min _nx Min _'_x

Earth 0.983AU 1.017AU 125.5 134.5

Lunar 0.98 1.02 125 135.2

Venus 0. 718 0. 728 245 252

Mars 1.42 1,67 46.5 64.5

3.7.2 Reflective Surface Degradation

As discussed in Appendix A, it is difficult to pre-

dict the effects of the space environment cn reflective surfaces with

the limited experimental evidence available. Figure 3-37 shows a

model used for reflection degradation in system cal_'ulations _'lich

appears reasonable. It was assumed that UV and proton damage accounted

for 8 percent degradation in a year's time at Eart!_. The degradation

at Mars and Venus varies as the inverse square law.

_Ieteoroid degradati_ _ cf 2 per_'$nt was assumed for ea¢_

orbiting conditions (500 na,_tical _'_ile) ;u_,t_,,='oid. _il_ flux densit}

profile will vary as the distance from the earLh and sun vary. A

relative meteoroid density profile is shown for typical Venus and Mars

mission based on calculations performed by JPL (Ref. Fig. 3-38). As

shown, meteoroid _'_,,_x-away from gravity centers such as the earth is

expected to be small.
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3.8 Collector-Absorber Efficiency

_e collector-absorber efficiency of the concentrator-

generator combination is a function of many parameters. Given below

is a general expression for collector-absorber efficiency which

involves various parameters of the concentrator and cavity.

Pabsorbed by cavity _ T4 A

= = r']km F - F c c
_c-a Pon mirror a r H • _ D2

m

4

where

F
a

F
r

m

r =

r

C

H "--

A -----

C

D =
m

E =

fraction of flux which enters the cavity which is reflected

back out the entrance

fraction of flux emitted by surface which escapes from the

en tranc e

mirror efficiency (r = 1.0)

mirror reflectivity

temperature of cavity walls

solar constant

surface area of cavity interior

diameter of mirror

effective emissivity of cavity walls

¢ ¢0
F -- " F =
a l-(l-_) (i-9) ' r i- (l-e) (1-0)

where

emissivity of interior surface

average view angle of interior surface towards cavity

entrance

o

nd _- A
C O

(A) + B _- • A + B
4A A

C C
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where

A

o

d =
c

A =

B _-

cavity opening area

diameter of entrance to cavity

constant

constant

The collector-absorber efficiency is strongly affected by

the parameters F and F which are a function of cavity geometry and
a r

interior emissivity. Rough calculations in the past have assl_ed that

the cavity operates as a blackbody with F equal to i and F equal to
a r

the ratio of entrance area to cavity surface area. As shown later in

the text, this approximation can lead to very optimistic results with

regard to reflection losses.

The most serious problem lies in the term F ; i.e., signifi-
a

cant losses result from direct reflection out of the cavity entrance.

The expressions for F and F are given in terms of the
a r

emissivity of the interior suriace and the average view angle of the

generator surface toward the cavity entrance. _his view angle is

generally given in the literature as a function of the ratio cavity

opening area to surface area of the cavity interior and several con-

stants assuming diffuse reflection from the surface. The constants

generally depend'on the nature of the cavity geometry. For a hemi-

spherical cavity, the view angle 0 is equal to the ratio of cavity

opening area to interior surface area of the hemisphere.

Typical cavity shapes are shown in Fig. 3-39. Shown are the

cylinder, cone, hemisphere, sphere, and double cone. For the geome-

tries of interest, the hemisphere demonstrates the most losses and the

double cone configuration demonstrates the least loss.

A comparison of cavity shapes is shown in Table 3-XII. Given

is the ratio of cavity opening area to cavity interior surlace area as

a function of geometrical parameters. In general, the ratio of cavity

opening to cavity surface area should be small. In this respect, the

comparison of the sphere and double cone in Table 3-XII illustrates

the superiority of the double cone.
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TABLE 3-XII

COMPARISON OF ARTIFICIAL BLACKBODY SHAPES

Ao/ c
2__ Double

Sphere Cylinder Cone Cone

1 0.500 0.250 0.415 0.175

2 0.200 0.167 0.309 0.094

3 0.I00 0.125 0.241 0.059

4 0.059 0.I00 0.195 0.041

5 0.039 0.083 0.164 0.036

6 0.016 0.056 0. III 0.015

Comparison of shapes with sphere

Ao/Ac - (Ao/A Sphere)

Cylinder

-0 250

-0 033

+0 025

+0 041

+0 044

+0 040

Double

Cone Cone

-0.085 -0.325

+0.109 -0.106

+0.141 -0.041

+0.136 -0.018

+0.125 -0.009

+0.095 -0.001

Figure 3-40 compares the effective emissivity of the cylinder

cavity with that of the double cone cavity.

Figure 3-41 illustrates numerical calculations which were

performed on several cavity shapes to determine the average view angle,

0. As shown, the sphere, cylinder, and cone all demonstrate view

angles which fall in a narrow bandwidth as a function of opening area

to the interior surface area. The hemisphere demonstrates an unfavor-

able average view angle. Figure 3-42 illustrates the factor F as a
a

function of cavity surface emissivity and average view angle. As shown,

F is a strong function of 0. Figure 3-43 illustrates the factor F as
a r

a function of surface emissivity and view angle @. As shown in Fig. 3-42,

low cavity emissivities can result in a low F which will dramatically
a

decrease collector-absorber efficiencies. In general, with the type of

cavities and generator structures used in high-efficiency systems, the

cavity wall emissivity should be as close to 1.0 as possible to decrease

reflection losses.
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l_e optimum cavity entrance diameter is a strong function of

cavity emissivity. This is shown in the example of Fig. 3-44.

Figure 3-44 illustrates the importance of reflection losses

from the cavity. Collector-absorber efficiency is dramatically reduced

at the optimum entrance diameter. Also, the optimum entrance diameter

is smaller than would be obtained using a blackbody approximation.

While specific conclusions depend on concentrator characteristics, it

appears that good cavity design would demand surface emissivities

greater than 0.6.

A matter of great concern to the cavity designer is the

equalization of temperatures within the cavity. The magnitude of ti_e

problem is illustrated in Fig. 3-45 which shows the distribution of

incoming solar flux on the _-ear of several cavity shapes; flat, spheri-

cal and conical. As sho_cn, the distribution is a strong function of

concentrator rim angle. F(_r rim angles of 60 degrees, the flux

intensity at the center of the flat plate is eight times the flux

intensity at the flat plate edge. This situation is much better using

a 45 degree rim angle concentrator. Flux distribution is uniform on

a hemisphere. For a cone, the flu:: is maximum at the cone apex and

minimum at the edges of the t:one_

The distribution shown in Fig. 3-45 can be misleading with

regards to temperature distribution if within the cavity. Reflection

and reradiation from cavity walls is a principle mechanism for tempera-

ture equalization.

The effect of cavity shape on the redistribution of energy

witilin the cavity is illustrated in Fig. 3-46. For the calculations

of Fig. 3-46, it was ass,lined that the cavity was divided into two

syrmnetrical parts. One half would receive a different amount c,f in-

comin!; solar flux than the other half. Assuming that ,_ach half of the

cavity had the same view an,_ie towards ttte entrance and the same emis-

sivity, the redistrib,_.kion in tnez-gy was calculated and is shown in
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Fig. 3-46 as a fracti,,n of p_ss[SIe difference in heat ab_rption; i.e.,

assuming that the difference in heat ab,:c_rpticn is ¢_nc,, what fraction

of this difference remains after redistribution of energy within the

cavity.

Figure 3-46 shows tilat tile redistribution of energy is a

function of the view angle q and surface emissivity. For small view

angles, and a surface emissivity of 0.6, the fracti_n of difference

in heat absorption will be 0.4 of the original difference in heat

absorption. Figure 3-46 shows that low surface emissivities are

desirable from a temperature distribution vie_point_ in contrast to

the desire for high surface emissivities for high cavity efficiency.

A series of calculations were performed, using a computer

program set upoon the IBM 1620 machine, to determine the maximum

collector-absorber efficiencies obtainable at earth, M_rs and Venus_

fc,r diffe_'ent size _:oncencrato_'s, different L'eflec'LLvitie_,_ and var>ing

cavity temperatures. Fig':res 3-_, _nd _-48 arc ty_ical results fro_,,,

the calculation.

Calculations assumed a constant interior surface area, a

constant surface emissivity of 0.6, and a mirror efficiency table

given in Subsection 3.1 of this report.

Also, it was assumed that @ was equal to the ratio of cavity

entrance area to interior surface area. This approximation is adequate

for ball park answers but must be refined in detailed system design.

Figure 3-47 illustrates the effect of cavity temperature on

maximum collector-absorber efficiency. The entrance diameter was

varied for each cavity temperature and the optimum entrance diameter

was selected by the computer for each temperature. Collector-absorber

efficiency is shown as a function of mirror reflectivity and diameter.

The efficiency obtainable with a 10-foot mirror is higher than can be

obtained with a 5-foot mirror; this is primarily due to the decreased

importance of the reradiation loss as a percent of the incoming radia-

tion to the cavity.
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Figure 3-48 shows the collector-absorber efficiency at Venus,

Mars, and earth for a cavity temperature of 1700°C and a mirror reflec-

tivity of 0.8. As sho_n, the efficiency at Mars drops considerably

based on the ass_nptions of computer program. It should be pointed

out, however, that the mirror efficiency used in the computer calcula-

tion was pessimistic with regards to Mars in that the effects of the

decreased sun's image diameter were not taken into account.

However, the trend in collector-absorber efficiency shown in

Fig. 3-48 will remain the same; i.e., mirror-absorber efficiencies at

Mars will generally be less than those at earth and at Venus efficien-

cies will be higher. This change is due to the fact that while the

incoming radiation to the cavity changes, the reradiation re_nains

constant, lqle importance of cavity design is once again illustrated.

Several important conclusions can be drawn from the preceding

discussion:

I. Cavity design is extremely important in determining collector-

absorber efficiency. Blackbody approximations will not give

a true picture of cavity losses.

2. The double coned and/or spherical cavity appear best from a

loss viewpoint. However, this is primarily due to the

increase of surface area compared to cavity opening area.

A tradeoff analysis must be made between generator losses and

reradiation and reflection losses to determine the best cavity

shape.

3. Distribution of energy within the cavity can be more equalized

with low cavity emissivities. This is in contrast to the need

for high emissivities for high cavity efficiencies.

4. Even though the surface quality of larger mirrors is gener-

ally poorer than the smaller mirrors, the effects of reflec-

tivity losses from the cavity entrance far overshadow the

slight increase in mirror efficiency obtained by the smaller

mirrors. It would appear that larger mi_ror systems can be

more efficient than smaller mirror systems.

5. Because of cavity design, solar-thermionic system efficiencies

will probably be higher at Venus than at Mars.
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4. SYSTEM STRUCTURE AND }_C]£\NI,EMS

The elements of the systems structure can be defined as follows:

I. Support arms for the generator

2. Electrical and mechanical connections for the support arms

at the generator and mirror ends

3. Vehicle adapters - a rigid or deployable structure which

holds the solar-ti_er_Tionic system to t'_e vehicle and locates

it in the pt-oper posiELon during the unfolding sequence

4. ElectL-ical leads to the system elects-chics from the generatc, r

support

5. Launch support structures such as dampers, pylons for holding

the generator, etc.

All of these items contribute to system weight. Design details

depend significantly on the adaptation of the system to the vehicle;

for example, the location of the electr,)nics, field of view limita-

tions, etc.

This section is primarily concerned with the tradeoffs t" be con-

sidered in the design of generator support _;tructure. Tile generator

support design is a critical item in solar-t}_ennionic system design.

The choice of tile support arm c{_nfiguration and the methods of inte-

gratin:_ into the system will depend on:

1 Vibration characteristics of the structure

2. Packaging and deplo_anent possibilities

3. Effect on system design

The design of the arms should represent an optimum tradeoff between

the following factors:

I. Minimization of heat conducted to c!ectrical components

2. Obscuration of the concentrator

3. Power l_sses in the leads due to high resistance
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4. Ability to accurately place tile generatnr wit!Lout movement

due to thermal gradients

5. M[nimumweight

6. Ability to hold instrumentation, leads, etc.

7. Elimination of nagnctic field

From a systems vie_¢point, per[laps the most serious problem is the

conductivity of heat down the relatively thick leads to the DC/DCcon-
vertex. Temperatures above 50°C at the DC/DCconverter will result in
l_'wer efficiencies and _-cliabilitv; _t)°C is d_,_,ir,_l,]_:. For l,_r_er

concentrators, on the order el 10 ft, minimum first-mode resonant

frequency require:.e:_t_ ,,iv result i_: rather t}_icl< _l_,_ and li_,it

tradeoff possibi]ities.

The choice of materials was examined and it was found that beryl-

lium was probably the best material from a tradeoff viewpoint for the

generator support arms; however, further examination is warranted into

the joining techniques for beryllium structures.

Two sets of generator support an'_s for a 5-foot concentrator have

been assembled in prototype flight form. The first concept consisted

of a three-ann generator support in which one of the members was tele-

scoping and hinged at each end so that the support ann structure could

be folded during launch. The two rigid arms served as current conduc-

tors. This concept is illustrated in Fig. 4-1. Generator support

an<_s consisted of riveted aluminum truss structures witi_ the following

characteristics :

Weight (three-arms) -3 ibs

Obscuration - 3 percent

IR efficiency -_ 0.5 percent

Minimum resonant frequency _ 1,000 cps

A second set of arms for a 5-foot concentrator was assembled in

1964 and is ....... in _" 4-2 ' - ......_,i_,,_OWLL r_g. . Ti_e _,_ -_ holds the generator

rigidly in place and consists of six arms each of which consists of

t_;o coaxial tube._;. All of the arms carry electrical current. The six

arms are formed in groups of two to create an equivalent three-atoned

stmtcture.
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The arms are made of aluminum and exhibited the following charac-

teristics :

Weight - 1.3 Ibs

Obscuration - 3 percent

IR loss - about 1 percent

The structure shown in Fig. 4-2 was subjected to tl_e Atla_-¢ent,lur

flight acceptance vibration tests in Xarch, 1965; no '.egradation or

failure was observed. Amplification of the acceleration forces imparted

to, the generator was on tl_e order of 3 to 5.

The structures shown in Figs. 4-1 and 4-2 illustrate the state of

the art in generat,)r support structures. A great deal ol worh remains in

this area to result in an opth::um system and to understand the design

limitations imposed by the ge:_erator structure. Empirical and analytical

data of a variety of types is required prior to final design of a system.

Many of the iteu_s required for an investigation are discussed in this

section.

4.1 Rationale for Cel_erator Support Design

Figures 4-3 and 4-4 illustrate the factors in consideration of

the generator support design. As sho_n_ in Fig. 4-3, vel_ic!e constraints

and concentrator/system constraints of many kinds must be considered in

the initial generator support configuration study. The configuration

study leads into the optimization and material selection for the arms.

A more detailed program is sho_¢n in Fig. 4-$ which involves the

generator support arms design after vehicle constraints are considered.

_lost of the factors to be considered in generator support design are listed.

4.2 Design for Nonmagnetic Characteristics

An important requiren_ent of a solar-thermionic system structure

is to minimize magnetic fields and _:mgnetic field variation. This is due

to the desire for minimization of interference with magnetometer or other

field _:_easurements, and t_ avoid probler: areas in attitude control intro-

duced by _:_agnetic torque. This can be accomplished most successfully with

a coaxial arrangement for the ;e_erater support where two opposing currents

create magnetic fields which cancel each other as illustrated in Fig. 4-5.

The net magnetic field with the coaxial arrangement will be a

fun_gioi_ of t',led_f[er_uccs in :u_-rc_t bcUweei_ /mle_ and outer tu!,es.
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The ma_;nitude of this field is ill;_str:_ted in Fi .. 4-< F_r _,×ample,

at a distauce of 1 met_Jr fr_:_ the. _,elwrator sui_port arn (_)erpendicular

to the axis) a current difference el i amp will result in a n_agnetic

field of 200 gamma (based on _:he iufinitel," ]ong tube approximation).

Differences in the curren,c between the inner and outer tube

will exist no matter ',low carefu].ly the tubes are matched. T}_is dif-

ference will result from differences in temperature and therefore

different resistivit[es, differences in the materials used, effects

on resistivity at temperat,_re for ]on Z periods of time, s_irface effects,

etc. Ti_crefore, in ,_ tube carryin:,_ I00 amps, a i per ent difference

in current between the inner to outer tube would result in a one

amp difference in current, i'ile specifi<aticn l_'r u!ze b_riner pane[

was 3 ganuna at 3 feet. fhurefore, tile .,;erLousness of tile magnetic

field problem and the importance of careful matching of the tubes is

well illustrated,_

The coaxial tube arrangement represents a distributed elec-

trical network shown in Fig..4-5. There exists the self-inductance of

the tube, the mutual inductance between tubes, and the capacity bet_een

tubes along with the electrical resistance. TI_o a:l<' ::it of ener<y _tored

within this distributed network is fairly l(v.. _..'kcn _ sudden cha_:-c of

current in the tube occ,_r_, for example, durin:< a teml,.,_ra_-y misu, rienta-

tion, t!lis energy will be di_;charged to t}_e DC/DC <onverter. A detailed

investigation must be made of the energy within the distril)uti<_n netucrk,

the effect of discharging this energy into the low impedance DC/DC con-

verter, and the maximum chanzes in curre_c which can be tolerated as a

result.

Another specification which is pertinent to the p<'wer system

used on space vehicles is the chan:_e _n magnetic field v;hich ,an be

expected as a function of time, T!_u_, lar.;er c:_an.<es can sat._rate the

magnetometer, This is an<ther reason why t'_e c_rrent from the _<eneratcr

must be carefully ccntrclled to be constant-. Small but fast variations

in generator current may create magnetic field d_st_rbances which are

detrimental to magnetometer operation.
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4.3 Generator Support Length

Figure 4-6 illustrates t!le length of the generator support

arm as it varies with the mirror diameter and concentrator rim angle.

Exact length will depend on generator diameter and end attachments to

the generator support arm° Figure 4-6 can be considered as a good

app fox ima t ion.

4.4 Typical Unfolding Schemes

There are many generator support configurations and unfold-

ing mechanisms which can be conceived. Some of these are illustrated

in this text and include:

.... c 4-2 l"._e number ofi. Rigid s_ippor_ acres illus rated in Fig. .

arms can vary according to desk_;n optimizati,,p but will be

in the range of 2 to 6. r!le system in Fi;. 4-2 shows six

support arms grouped in pairs to form a t',_ree-ac'.a support.

In the inve,_tigatlon no partic,_iar adw_ntage was found going

beyond the thrae-amaed structuk'e; the aid in vibr,ation

characteristics is not worth the cost and ebscuration of the

concentrator. Two-am:rod and ene-ar::md rigid generator sup-

ports introduce vibration problems.

2. A second c,,ncept is that of n t_ree-le_<'ed _;ener_tor _upF_ rE

with folding ar:::s illustrated in Figs. :-i and ;-7. The

folding could be in one 0.rT , as sh,._n'_, ' itl_ l:[n,;es on all three

arms. The unfolding sequence implies an actuator and [;re,'iter

reliability problems. Because of the difficult?, of r'aint<Jir,-

ing electrical cont!nuity, tile best approach might be to have

the electrical le,_ds in tl:e two rigid suppt_rts and tl_e instru-

mentation on the unfc'Iding _<;ember.

3. Figure 4-3 illustrates a two-legged _mfolding system where

the am,m are ilinged at the mircor tor,:s. The minhlum length

of the arms is defined by the !;eometry of the system as
o

sho_cn. For a 45 rim angle mirror, the generator _,ntrance

would be located al)out at the edge of the mirror when folded.

4326-Final 4-10
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For a 60 ° rim an[:le nirror the zenerator ',Jould necessaril,T

be folded in a position between the cen_er and edge _)f the

mirrc_r. For this reason, a L.5° rim angle mitrer might l)e

advantageous from a structural viewpoint _¢hen using the

two-legged genecator support approach. One problem with

the t_o-legged approach is the greater difficulty" in accurate

location of the cavity entrance after unfolding.

4. Figure 4-9 illustrates a one-arm generater support which is

unfolded and rotated into position. Accuracy and folding

problems are si",_ilar to the two-armed approach.

5. Figure 4-10 illustrates a "bucket handle" approach which is

unique in that the generator support amns position the con-

centrator with regards to the generator instead of vice

versa. The bucket handle approach has several interestinF,

possibilities: first, the optimization of ti_e _:<enerater

support arms no lonzer depends on tradeoffs between thermal

conductivity and resistivity. Secon', packaging arra_;_e':ents

appear s(_e',:hat m,,_re fle>:ib!o. It s',lo,lld _,e w_ted, hc_w_ver_

that the problem of the ',_,ad_ t_ the DC/I)C cunw_rt_,r re::tains

the same, i.e., the leads must minimize the temperature of

the DC/DC converter while decreasing the losses, l;ecause

obscuration is no longer a factor in the tradeoff in lead

design, it appears possible to decrease overall system losses

in the leads.

Advantages between rigid and unfolded schemes cannot be

determined until detailed designs are made. Rigid support arms are

difficult to package but offer fewer problems where the shroud may be

significantly lar}ter than the vehicle. Any unfolding scherzo introduces

a reliability consideration and increases the possibility (,f misiocat-

in_ the get,erector upon unfolding.

"4326-Final 4-14
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4.5 Material Considerations

An investigation was made of various materials which were

rclatively light in weight and appeared suitable for use in the gener-

ator support configuration. Table 4-I sun_narizes the properties of

these materials as derived from a variety of handbooks, manufact_Irer's

information, e_c_

Tile selection of materials depends on a large number of fac-

tors. Several of these are discussed below.

i. fder:aa i Cculduc t ivity

T!lermal conductivity should ])e .._mall to mini:ai::e heat flow

do_ the support Aluminum, beryllium, and beryllium alloys

all ey:i_ib_t about the same de!_ree of thermal conductivity.

Titanium, _1owever, has a relativcl?" small tiler:hal condactivity.

2. Vibration Characteristics

'f!le vibration c!_aracteristics of the gene_-ator support will

be determined by t}le EI factor and the density of tile anus.

E1 should be high and density _hould be low. Bervlli_tm and

Lc-A1 a_'e ,_;ap, ri, :" u<: _t:'.,<:'_- .:,atc_-ials iz _,is ,c_:az-acter_:_Lic

3. Electv'cal R,,_;i:;t iv5 t-

Resis¢iviey sho_11d be l,,w _o decrease el,,ctrical losses.

Alumiuum, ber;llium, magnesium and various alloys e>:hibit

low resi.'_tiviuv. Titanium, h_)wever, e:,:i_ibits very high

electrical resistivit\ and for this reason the use of titan-

ium will introduce prohibiti\'c electrical losses.

4. Coefficient of E:<pansion

Coefficient < f ther_-_a] e:<pansLon should be low to minimize

the chance vf mi:_location of the f;enerat{'r. F,_rthennore,

the change in coefficiept _lith temperer<ire should be minimum

in order to a]low _dcquate prcdi_ti_,n cl at:: iocati_,n.

4326-Final 4-[7
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5. Nerkab ilit),

It is likely that an optimum generator support stL'_,_ct_-e

will involve shapes and sizes which are not standard. Tb.e

selected materfal should ;lave the ability to be worked into

various shapes using thin skin materials. Berylli<Lm has

difficulty in this respect. The beryllium alloys (Be-A1)

are highly supe_-ior to beryllium in this respect.

6. Joinins Properties

ffeliable bonds and joints must be made with the generator

support material with low resistance losse,;.

7. Vapor Pres,su _'e

-_le eRd o_ t'le ,_011O_l!iOL- s!lpport !oar,J!;t t!!c _eitcL_ator ].;

likely to betel e quite bet. T]_e vn_c,r pressure of the r,ate-

rial will ri.;e aRd it is i_:porta:_t t' _e:ect a materia_

which uill m,t deposit rel_tiveb _ ti,icl, coatings on the con-

centrator. Figure "_-Ii shows the vapor pressure of various

materials which can be considered for use. As shown, mag-

nesium is probably out of tl_e question for use in a generator

support structure, l_eryllium and aluminu[,', exhibit nuch

hisher vapor pressures tl:an titanium:. As a rule of thumb,

-]2
_t i0 _: ::ercury vupor pressure, about 0.001 cr,_of _uate-

rial will leave t]_e s1_rfa_e every thousand hours. The use

of berylliu_u and alu::inu; , tilerefore, has t<_ be carefully

examined in order to detcr_ __ne tl_e effect oi this evapora-

tion on _:.irror characteristics, lio',.ever, a preliminary

examination indicated tibet t::e concentrator would reteive

9
a total layer of about lO- angstrolus per I0,000 hours.

This interfereL_ce coatin S would probably not significantly

affect re f festivity.

$. ilecr\,sta 1 li z,._t :o_

All r:aterials are ,m! iect to recrvstallization phem_ena at

high temperatures. For exm:p]e, a]_uminur._ and mal]nesim,, have

4326 -Final 4- 19
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rec_'ysta!li:'.ation tet tperat'.:ces _-anging from ]50 ° to 500°C.

The effect of recrystallization depends intimately oil the

strain in the suppo['t structure, the temperature and _elated

phenomena. Effects could include a chani<e in t'_er<lal con-

ductivity, a change in electrical resistivity, and other

extreme conditions e:.:ceedinz the yield point of the material.

Changes with Temperature

All maturials will change with temperature. One particular

area of interest is the change of material yield point with

temperature and kime. Tt,J)es, for example, are made by cold

working in matt}' cases. Cold working effects will be largely

eliminated in areas which are held at high temperatures for

a long period of time. For example, the ductile fracture

characteristics of a material could change to brittle frac-

ture characteristics. This is another area which bears

investigation before final selection of a materia].

Melting Point and Euteetics

_he melting point of several materials of interest is close

to the expected temperature of one end of the genet-ator

support. Aluminum, for example, melts at appro:<i:aatelv

650°C. If there exists any danger of a "hot spot" on the

generator support, materials used close Lo t]te Lr melting

point region should not be considered. Another e<_nsideration

is the euzectic mcltin_< point of materials. For example,

beryllium-aluminum alloys ]]ave a eutectic melting point of

640°C.

_ 6 Thermal E:-:])ansion EffecLs

For a q-_ .... '- c'en,_,engrat_r and a 60 ° ' _:<: "_""_'-

-6
of linear e.'<pansion eL 20 :: i0 inches/inch/degree C, averaged ever

the entire length of <]_e _lenerat_,r support amn, ass_m_in< a linear dis-

tL-ibution of temperature from 600 ° to 100CC over the generator support

arm would result in a displacement _ C.l, J.l]_]1.

4326-F_nal 4-21



The e}_ampleabove illustrates the _mportanceof thermal

e>:pansionconsiderations. Tile them:lal expansion calculations can never

be e._:tremelyaccurate due to the inaccuracies of kno_,mthermal conduc-

tivity of material as a function of temperature, chances for recrystal-
l ization and other phenomenaeffecting thermal conductivity, the tem-

perature distribution downthe support a_-ms,t',.e temperature profile
in the support arms, etc.

An examination of the materials indicates that titanium

exhibits the least expansion of the materials considered. Beryllium
has a reasonable expansion of about 16 x 10-6 .

The 0.14-inch displacement can be tolerated as this will

meanapproximately less than 1 percent loss il_ mirror efficiency.
Tile real danger lies in a accumulatibn of errors in the concentrator

structure, support _tructure, and the_al characteristics sucl_ that

the expansion becomesthree to four times this amount, T_en decreases

in efficiency on the order of 5 to ]0 percent could be e._q)ected.

4.7 Thermal Conductivity Effects

The temperature of the le_j voltage DC/DC converters is con-

sidered to be a serious problem in system efficiency and reliability.

Temperat_Lres of less than 50OC are desired_ 'fhe temperat_ire of the

DC/DC converter will be detemnined by the amount of heat conducted

int( _ it by the generator support leads and the internal heat generated.

An examinati<,n was made of the e._pected temperatures along

the generator suppuL't arms and the amount of heat that _Jould be flowing

do_a_ the arm into ti_e DC/DC converter. Calculations involved the

solution of differential equations in a rather complex program that will

not be described here.

Calculations were concerned only with the gonerato_- s,,_ppert

arm from the genera_er to the edge of the mirror. It should be recog-

_uu that additional eiectr_cal loss and cooling will occur in the

electrical leads from the edge of the mirr<_r to the DC/DC converter

The inclusion of this consideration is left for a more detailed study.
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Figure 4-12 illustrates the results of someof the analysi_

Shownis the temperature at tile end of the support amnversus a sup-

port parameter which is defined in Fig. 4-12. The use of tile curve

is self-explanatory. If the temperature at the zenerator is known,
(say 600°C), and a given temperature at the mirr_)r end is desired

(say 60°C), then t:_e ratio of T0/TL can be found (for this example,

2.6). From this, the value cf ti_e support parameter XT can be found
and, knowing tile characteristics of the support arm, the ratio of

radiating surface per unit length _o the cr<_sssectional area can be

found. For thin-walled tubes, this is equivalent to finding the

thickness of the wall needed to satisfy the end temperature conditions.
As I

- t)

In a similar manner, calculations were performed to deter:::ine

tile amount of heat flowing into tile strut as a function of heat param-

eter shown in Fig_ 4-13. An examination of this figure indicates that

the amount of heat flowing into support arms wit!: reasonable wall

thicknesses is not excessive.

The mechanism by :Jhich thermal conductivity and the tempera-

ture of the generator ends are [ntr, d::ced in t!:e optimization analysis

is illustrated in Figs. 4-1% and 4-15.

Figure 4-14 shews t]:e temperature at the end of the generator

support as a function of tube _all thickness;. A coaxial arm _,ms

assumed where each t:_be had the same cr_ss :_ect_ona] area and the entire

structure behaved similar to a single tube :.'tt:_ twice th<_ cress sec-

tional area of the outer t,,_be. As si:o:m, ti:e wal] thickness of titan-

ium can be much _.reater than that of ,aluminum to :mint,_in _he same

temperature of t::_e generater _:'.:pport end. Fc'r a 5-foot mirrc_r_ under

the given conditi,n_;, it appear,_ pe_:sible tc ,:i--,. '._,eti:icl_ness of

0.025 inches to mainta_ an end :emperaturu el _,O°C

At:ter selecuion of t[:_ <rod te::perat_:ro (:,av _,,' ::) ,_t:T,_{'_-_-

tfion of the gencraZ( r support dimensions can be made. T:o parameter

_lich varies is the diameter of the outer tube As the diameter of

4326-Fina i 4-23
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the outer tube increases, the resistivity _Jill o,o down and the obscura-

tion will go up. This is illu.,_trated in Fig. /4-15.

Figure 4-15 shows t':_at the opti:n',,m diameter of the generator

support ann will vary significantly _Jith the change in desired tem-

perature of the gep.erat_,r _;uppc'rt. F_,r T L = 100OC, the maximum co_,q-

bined obsclrati(,u a_d electrical loss efficiencies are 95.5 percent,

while for a T L of 60 °_, combined efficieucies are 94 percent.

T'_e resu]t:_ in Fi:,:. 4-15 _'culd cilange witl_ a change in geu-

erator supp<_rt emis,_;ivitv. With a decrease in emissivity by one-half,

the wall thickness would be halved. 'Klis would _,uean an increase in

electrical losses and an optimum diauleter support which would be

larger in diameter and would L'esult in lower co:,._bined effici_ency.

The use of a differ_:t_t l:umber of legs other than three would

not affect the optimization t-esu]ts significantly, floweret, for a

large number of legs, wall thicl--nesses would become too small to be

pratt ical.

The calculations in Fig. 4-15 are based <m _ 250-x¢att gen-

erator operating in a 5-foot system. It was ass_mmd t!_at _he _'_rrent

output was 60 a:nps and the voltage o,ltput was 4.1! volts. Lower volt-

ages and iligher current _,'ou]d result in decreased generator .,_upport

efficiency and the opti:imm support dianeter xohtc!_ would become larger.

Figure 4-15 assumed the u,,;e of aluminum. Since the thermal

conductivity and electrical t-esistivitv of beryllium is quite similar,

the results would be roughly the same for the use of beryllium.

Figures 4-16 and 4-17 show the same type cf tradeoff opti-

mization for 10-foot concentL-ator. It _,'ould be noted tllat the gener-

ator support efficiency can be i_igher with a 10-foot concentrator.

In Fig. 4-17, a 1000-wat:t gc.nerator was assumed operating] at 120 amp

output.

'fhe optimizati<,n of the generator support di_:lensions from a

generator support efficiency viex_point will not result in the opti::mm

dimensions from a system vievrpoint. The lowest Ib/KW for the system
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will occur using a smaller outer support diameter that results in a

"less than-optimum" generator support efficiency.

The illustrations in Figs. 4-14 through 4-17 show the complex-

ity of the optimization problem in the generator support area. A large

number of variables is involved, each of which can drastically affect

the results. It is recon_ended that design limits be established with

the use of a computer program. The generator support is as critical a

component to the system as a gellerator or concentrator and must be care-

fully analyzed.

4.8 Vibration Considerations

Vibration of the _enerator support must be considered in the

launch mode and cruise mode. For the folding systems, the problem dur-

ing launch is that of resonance induced into the generator support which

is fixed at each end. The fixation can be adequately represented by a

beam held at each end by pin joints. For nonfolding structures, the

vibration analysis is much more complex. An analysis was made of the

three-legged and four-lei_ged ;e_erator support structure in terms of

resonant frequencies which would be expected.

The limits on resonant frequency _re rather indefinite and

depend on specific vehicle design and the accompanying guidance and con-

trol system. For example, tl_e :'ariner 64 pauels _ere limited i_ freq_ency

response during cruise to a bandwidth of 0.5 to 5 cps. The lower limit

was based on attitude control syste_i interaction and the upper limit on

resonance considerations during the midcourse naneuver. The objective

during launch was to obtain as high a first mode resonance as possible;

for the Mariner panel this was about 14 cps. A minimum, first mode reso-

nance of 35 cps was used on the Ranger panel in order to avoid resonant

coupling to the vehicle structure.

4.8.1 Launch Vibration Mode

Figure 4-i8 illustrates typical transverse vibration of

the generator support arm in tl_e launch mode assuming that the arm is

clamped at one end and hinged on the other. Only "first mode" resonance

is treated here. Figure 4-18 assumes the use o[ beryllium with an outer
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support diameter of 1 inch. As shown, fcr a 3-foot mirror a 1-inch

support dianeter with reasonable wall thichnesses will result in relative

high first mode resonances. However, for 10-foot mirrors, the m_,me_.t of

inertia of the arns _ust be an order of magnitude higher. This can be

shown by examination of the equation for first _ode resonance in Fig. 4-18.

Figure '_-19 shows the mol;,ent of inertia for a thin-walled

cylinder as a function of wall thichness and outer support diameter. As

show1_, the same mo_:_ent of inertia can be obtained with different wall

thicknesses and diameters; hc_¢ever, the mo,_ent of inertia is a strong

function of the support diameter. For the examples in this text, the

coaxial configuration is assu_:_ed to behave as a single tube; i.e., the

inner and outer tubes behave as a single tube with twice the thickness of

the outer tube. This is reasonable if the coaxial tubes are attached by

means of insulators.

Figure 4-20 illustrates the minimum outer diameter of

the support arm required for a minimum first mode resc,nance during launch

of 35 cps. As illustrated, the minimum outer diameter is a function of

the square of the length of the arm and becomes relatively thick for a

lO-foot concentrator. Also, the r_inimum diameter is a strong function of

the ratio of density to elastic modulus. Beryllium is far superior to

otller materials in this respect. The use of aluminum, for example, would

increase the minimum diameter by a factor of 2.5.

Figure 4-21 illustrates the minimum weight of the gen-

erator arm required for a minimum resonance of 35 cps during launch. The

weight is a direct function of wall thickness and the cube of tile length.

Once again, beryllium far outstrips the use of ether _._aterials with

regard to minimum generater support weight.

4.8°2 Vibration of the Solar-Thermionic Generator and

Generator Support in the Deployed Position

The ge:_eratcr-strut arrangement present in a solar-

thermionic system :_ay be described structurally by means of tile theory

of frames.

All the supports are assumed to be capable of storing

potential energy in bending and torsion only and the ends are assumed
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to move due to translation and rotation of the generat,_r. The support

inertia is assumed ne,._ligible.

The frequency equation for the syste:_ is obtained by

assuming that the modes vibrate with a frequency _ and is written

directly from the potential and kinetic e_ergy expressions. The six

values of frequel_cy found from t!_e frequency equation are the six

natural frequencie,_s for the syste' . Using the diagonal terms of the

frequeucy equation detern-inaut, the frequency estimates are fair to good

depending on the amount of cross couplinL.

For a complete s_,lution t_' tl'e proble_ the e',,_en-

w_lues of the freq,Le_cv equation __ust be determi_ed with tl_e effect

of the coupling terv_s taken into account. Tl_ese frequeL_cies may then

be used to detern_.ine tle vibration modes corresponding to e_ch fre-

quency. The approxi_ate :_'ethod adopted by this study is to assume the

vibration mode, tl_en find tl_e corresponding freq_leucy, hence, once the

frequency has been estimated both the frequency and the node shape are

known approximate ly.

The Kinetic Energy Matrix

The following definitions are now made:

XI,X2,X 3 = translation in X,Y,Z directions resi_ectively

X4,X5,X 6 = retation with respect to XI,X2,X 3 respectively

With these definitions tI_e kinetic enerzy T may ne_ be vritten as

.2 .2 j(. .2 .2 .2
T = 1/2 (WC/_)(Xl + X2) + I/2 (-_')(X4 + x4 + X6) (4-1)

W = generator wei!J_t, ibs
g o
g = gravity constant, 386 in/sec _

JG = polar r'o:ent of inertia of ti_e _<enerator (this is not

the area mo_<ent, the generator nmss is included)

The first set of terms has the kinetic eneri_y contribution resulting

from zener_tor translation and tl_e second set of terms has the contri-

butions due to }'_enerator rotation. >:ote that the fLlctor ov_e-half in
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the second set of terms is due t__ the polar molneutof inertia being

twice tl,c mone,_tof i1_ertia with resl ect to X1 or X2 axes.

The Stifi1_ess Factor, It

Tile resonant frequeucies for all modes are directly

proportional to (WG/K) I/2. Once tile material has been chosen then E

is known. The modulus of rigidity I depends on the strut cross section

geometry and so may not be kno_m exactly until a strut design has been

agreed upon. The strut design depends on factors other than those of

a purely structural nature and hence will not be elaborated on here.

Suffice it to say that materials under consideration sre aluminum,

beryllium, and titanium and that current estimates of I range from 0.i
4

to 2.5 in

The kinetic energy expression may be _Jritten in the

form of a matrix

6 6

T = 1/2 _ _ M.. X.X.
lj i 3

i=l j-I

Only the diagonal term.s of the matrix are present. The symbols have

_eanings sinilar to those for the potential energy matrix.

MII = _'_22 = M33 = WG/g

H44 = M55 = (Jg/2) = 4WG/g , (See footnote)

_166 = JG = 8WG/g , (See footnote)

where

WG = geuerator weight

The Potential Energy Matrix

The entire syster,'_may be re_arded _is a frame with

euergy stored due to twisting and bendin_. The elongation in the

me_ubers may be ue!_lected as trivial as is the practice in the Theory

of Frames.

2
Note: JG = (WG/2g) (F_euerator radius) , hence

_44 = M55 = 4WG/g and _66 = 8WG/g only for the case where the

generator radius is 4 inches as in this study.
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Consider tl,e beam sho_nl in F_"_.,_ 4 -2 °, Ln the plane xy

with length L, anF,les a I, 62 , ? and e_,d deflections YI' Y2" The 0

values are ti.,e slopes at botk_ e_ids of the bean_ and is the average

rotation of the beam ele: ent (? - (Y2 - Yl )/L)" A bea_._ deforested as

sho_n_ above has a potential energy U given by

[ 21 _2 3, _ + + 3_21 (4-2)U = K 0 + _i_2 + _2 (i C2)

K = stiffness factor, 2EI/L

I = _oment of i:_ertia of beam cross section _,,ith respect to

the neutral axis perpendicular to the xy plane

E = modulus of elasticity of beam

Equation 4-2 is f_,r each of the two planes in which bending occurs.

The bea;_ r:.ay also be subject to torsion about its

longitudinal axis. The potential energy for a twisted beam is

UT = Cj_ 2/(2L) (4-:_)

G = modulus of shear

J = polar moment of inertia of beam cross section

w = angular displaceue_xt of beai:_ tip

The struts are prismatic hence,

GJ = 0.75EI (4-4)

hence

U T = 0.188 (2EI/L)y 2 = 0.188 K_ 2 (4-5)

To find the potential energy for the system, sum the potential energy

for each strut subject to bending in each plane and twisting about its

o_._ axis. Ne:_t find the geo_-_etrical relationships bet_:een each © at_d 0

and the coordinate system adopted.

The coordinate syste_r_ used is translation in three

dire_:tions and rotation about the three translation axis.

The transformations from q_ and 0 values to the six

de_ree of freedom syster:, referenced to above is a linear one hence the
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potential energy which is quadratic in @ and e will also be quadratic

in terms of the six generalized coordinates.

may therefore be written in the general form

6 6

U = I/2 _ _ aij X.XI j
i=l j=l

The potential energy term

(4-6)

i,j

X 1 ,X2 , "X6

aij

= summation indices

= generalized coordinates to be designated later on

= coefficients which allow U to be written in the

prescribed fashion above

The Fre_quency Equation

Assume that each generalized coordinate vibrates with

a circular frequency" w and amplitudes _I' P2' "-'' _6 then

X1 f l sin _t £I

X2 _2 sin _t 92

I = I = I
I I I

X6 I _6

sin wt

i.e. X = L sin _t (4-7)

where the bars below the letters symbolize a matrix. It can be shown

(See Toug '_fheory of Y.echanical Vibrations" pp. 176-176, Wiley)

th a t

+ A) L =

M =

A =

0

matrix for kinetic energy terms i.e., of M..
lJ

matrix of potential energy terms i.e., of a..
lj

and that
O

Determinant of I ! - c_l = 0

(4-8)

(4-9)

Equation 4-5 gives the six values of the frequency which satisfy Eq. 4-7.

After the frequencies have been found from Eq. 4-9 the mode shapes may be

found directly from Eq. "_-8.

"2_ = f, where f = cycles/sec.
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It is very difficult to solve Eq. 4-9 directly and

a computer solution is the best approach unless the system is suffi-

ciently uncoupled so that reasonably good frequency estimates may be

obtained by using the diagonal terms only.

The Th_ee- SL ruL Arrangement

7he three-st rut arrangcnent co_sists of Lhrec strut_

each 120 degrees apart. Each strut has two numbers associated with it.

An odd number which represents the base (at the collector) and an

even number for the end at the generator.

The generator motion is prescribed by the vectors

p, _. The vector _ describes motion due to translation and has com-

ponents (X, Y, Z). The vector _ describes rotation and has components

(_x' _y' _z )" In the analysis generalized coordinates (XI, X2, ---](6)

are used. Their definitions are given in Fig. 4-23.

In subsequent pages the potential energy for member

1-2, UI2, is derived by means of Eq. 4-1 and geometrical considera-

tionso The potential energy for the other two

by means of coordinate transformations.

Potential Energy for Member 1-2

The following terms are defined:

_2, Z

G2_ cone =

members is derived

angular twist of end 2 with respect to end I. The

positive sense is the same as that of the vector

from ptl to pt2.

rotation of end 2 in the I-2-Z plane.

rotation of end 2 in the tangent plane to the axis of

_he co:_c forHed b_ the struts.
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J12, Z = average cotation of spar 1-2 in the I-2-Z plane.

See note on Fiz. 4-23 for determination of positive

sense.

-12' cone = average rotation of spar 1-2 in the tangent plane

to the cone formed by the struts. See note on

Fig. 4-23 for determination of positive sense.

From geometrical considerations

"-' = (a/L) x 62, 12

_2, Z X4 + (sin _5)X2/L - X3/L

= X 2 + X I2 ' cone /L

a X 4 X 3

12, Z L cos :
5

12' cone = (a/L) X 6 + X1/L

From geometry L = 35 inches and 'q = 63 5 for a 5-foot diameter col-
5

lector with a 60 degree rim angle and a 4-inch radius zenerator. U:_ing

Eqs. 4-1 and 4-8 the total potential energy for a four strut case was

found to be

U : I0 -2K x

9

200 X 1 + 4.7q XIX 5

9

200 X 2 - 4.74 X2X 4

9

1.04 X 3

2

106 X 4

2

106 X 5

2

6 X 6
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and the frequency equation is:

(200-_) 0 0 0 1.19 0

0 (200-!) 0 -1.19 0 0

o o o o o

0 -1.19 0 (26.5-!) 0 0

1.19 0 0 0 (26.5-I.) 0

0 0 0 0 0 (0.75-!)

_here

k = 102 WG/(gK) t02

K = 2EI/L

Observe that the coupling appears light for all rows except the sixth so

that reasonable approximations to the exact frequencies may be made by

assuming XI, X2, X3, X4, uncoupled and a poor approximation can be made

for the X-axis rotational frequency by assuming the sixth row uncoupled.

Frequency estimates based on the uncoupling assumptions

are shown in Table 4-II.

Conc lus ion

fhe resonant frequencies in the translational and rota-

tional modes of several typical cases have been shown to have lowest fre-

quencies in the neighborhood of 40 to 60 cps for a 5-foot mirror, 60 de-

gree rim angle and I00 to 150 cps for a lO-foot, 60 degree rim angle

using reasonable numbers for strut physical parameters.

The most serious problem exists in the rotational

vibration about the concentrator axis_ However 3 using the physical

constants shown_ the resonant frequencies are high enough to be usable

in typical vehicle structures. }{owever_ it is clear that the situa-

tion could easily change. For example_ the use of aluminum (assuming

all other physical parameters remain the same) would decrease the

resonant frequency by half_ which may cause difficulty in typical

vehicle structures.
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TABLE4-11

TYPICALRESONANTFREQUENCIESOF SUPPORTARMS
IN UNFOLDEDPOSITION

D = 5 ft.
m

I = 0.13

E = 40 x 106 (Be)

W G = 5 Ib

Frequency, cps

fl f2 f3 f4 f5 f6

4 arms 945 945 68 343 343 58

3 arms 720 720 51 261 261 44

D = I0 ft.
m

E = 40 x 106

I =3.4

WG = I0 Ib

4 arms 2,650 2,650 178

3 arms 134

900 900 152

114

f2 = 1 . g " 2EI • A •

(2_)2 L 102 W
g

The situation with three arms is roughly the same°

Assuming the same physical constants for the struts, the resonant fre-

quency decreases as shown and care must be taken to select a high

enough E1 factor.

The pairing of two smaller arms to make one, as shown

in Fig. 4-2, will aid considerably in raising the E1 factor which

affects f6' and can lead to overall weight savings. The benefit in

terms of vibration must be traded against the small losses expected

in obscuration and IR losses.
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4.9 Weight

As discussed in previous paragraphs, the weight of the gener-

ator support arms will be a function of:

I. The tradeoff between resistance losses and obscuration of the

concentrator

2. Design limits imposed by the temperature at the end of the gen-

erator support

3. Design limits imposed by vibration problems during launch or

cruise

The nmximum value of the generator support efficiency is shown

in Fig. 4-24 based on previous assumptions. The maximum value is a

function of many parameters as shown.

Figure 4-25 shows a typical generator support optimization for

a 5-foot mirror. The ib/kq4 figure for the system (including support

arms) and the arms themselves are shown. Assumptions for calculations

are typical and are listed.

As shown, the minimum outer support diameter for first mode reso-

nance in a "folded" launch mode of 35 cps is 0.72 inch. In the case shown,

the limitation due to thermal conductivity down the support arm is more se-

vere than limitations due to vibration. In the case shown, a wall thickness

of 0.050 inch resulted in a teluperature at the end of the generator support

arm of 100°C which is considered to be the maximum limit. This, therefore,

is a maximum wall thickness which can be used and for outer support diameters

of less than 0.8 inch, the losses in electrical resistivity rapidly decrease

overall system efficiency. This decrease in system efficiency results in

a sharp increase in Ibs/KW for the entire system (as illustrated).

Figure 4-26 illustrates the same optimization using aluminum

instead of beryllium arms. As shown, the minimum resonance criteria

become much more important.

Figure 4-27 illustrates the same type of optimization for a

10-foot mirror. In this case, the vibration problem overshadows the

thernml conductivity problem. As shown, the minimum outer support diam-

eter is 2.8 inches for a resonance frequency of 35 cps. For aluminum

arms, shown in Fig. 4-28, the situation becomes much worse.
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In conclusion, the optimization of generator support arms

has been sho_1 to be a complex problem involving the performance of

other components of the system. The weight of the arms by themselves

is not as important as tl_e effect of generator support design on over-

all system efficiencv. Them-_lal conductivity and vibration character-

istics are important design criteria. Unfortunately, the knowledge

of these effects and the methods for calculating these effects are

still relatively approximate.

4o10 Other Thermal Effects

In addition to thei_mal expansion, mislocation of the gen-

erator can result from bimetallic effects. These arise from ,_) ab-

sorption of radiation from the sun, concentrator, generator, and nearby

planets (2) differing fields of view towards the concentrator and gen-

erator o

At 300°C a blackbody will emit 0.6 watts/cm 2 and at 100°C,

0.ii watts/cm 2. With high emissivity, say 0.9, the generator support

skin will absorb 0.12 watts/cm 2 at normal incidence to the sun. Thus,

at the generator support end close to the concentrator, the impinging

solar radiation is an important contributor to the overall temperature

of the generator support arm.

The bimetallic effects are expected to be small. Preliminary

calculations indicated a maximum temperature differential from one side

of the generator support arm to the other of less than 5°C.

Of more importance, however, is the effect of tile radiation

absorption on the design calculations for the generator support° As

discussed above, a primary factor in the tradeoff optimization was the

thickness of the wall which was limited by the maximum temperature

allowed at the end of the generator support. As a result of other

incident radiation, the maximum allowable wall thickness will decrease.

If tile wall thickness must decrease, electrical resistivity

will increase, and in general, the effect will be to decrease overall

system efficiency.
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5. THERMIONIC CONVERTER

An investigation was made into the state of the art in thermionic

converters and their performance characteristics. This section will

describe the converter and its operation, and summarize the performance

characteristics.

During the study, I-V, P-V and efficiency curves were derived for

converters operating at 15, 20 and 25 watts/cm 2 at 0.7 volt and emitter

temperatures of 1500 to 1800°C; extrapolation was based on performance

of current laboratory converters.

Several different types of I-V curves can be derived depending

on power input conditions. Almost all the converter I-V curves measured

in the laboratory maintained conditions of constant emitter temperatures

and "optimized" reservoir and radiator temperatures. This type of curve,

while useful as an indication of potential performance, cannot be used

in systems analysis where constant power input is the governing con-

dition in converter operation.

If a converter is designed for 1700°C emitter temperature at a

specific voltage_ operation at other voltage levels with constant power

input will vary the temperatures within the converter. Higher current

and lower voltage results in higher seal and collector temperatures.

Lower current and higher voltage results in higher emitter temperature

and lower collector and seal temperature. Until adequate reliability

data is gathered regarding the effects of varying the load, it is assumed

that the optimum design condition from a system viewpoint is to maintain

the output of the converter close to the design point.

Limited life information on converters is available; several con-

verters have reached 3000 hr. life steady state at relatively low power

outputs. The avoidance of rapid increases or decreases in temperature

is desirable. Also, laboratory experiments indicate that startup will
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require load adjustment to short-circuit conditions along with a max-

imum input of solar energy to the generator in order to open the

emitter-collector gap.

3.I Converter Description

A thermionic converter is a device which converts heat into

electricity by utilizing the tendency of metals to emit electrons at

high temperature. A typical device is shown in Fig. J-l. The com-

ponents of the converter are:

1. An emitter which typically operates at temperatures from

1500 ° to 1800°C.

2. A spacer which consists of a thin-walled cylinder which

serves to support the emitter and, in present converter

designs, separate the emitter from the collector at opera-

tional temperatures.

3. A collector which is cooler than the emitter, typical ly at

700 ° to 800°C, and collects the electrons emitted by the

emitter. Typical spacings between the emitter and collector

at operational temperatures may range from 0.00025 to 0.010

inch. Optimum spacing depends on temperatures, materials,

geometry and related phenomena.

4. A leadthrough ring which supports the spacer and carries

current to an electrical lead; also, it can provide a sup-

port for the insulation between collector and emitter.

5. A radiator for radiating the energy from the collector to

maintain a cool collector.

6. A cesium reservoir and tubulation into the emitter collector

space in order to provide a cesium plasma.

7. Electrical leads.

8. A support structure for mounting the converter onto a prac-

tical generator structure. The converter can be mounted in

several ways which may or may not utilize individual support

structure.
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Figure 5-2 is an illustr_tion of converters which have been

assembled in the years 1961 through 1965. The basic configuration is

the same; i.e., a round flat emitter is heated on one end and is sup-

ported by a thin wall cylindrical spacer. The weight of the converters

has remaine_ about the same ranging from 0.5 to 0.75 Ib per converter.

As described later, the performance characteristics have increased

significantly during the past years.

Figure 5-3 shows the potential energy diagram as it exists

in an operational converter. An expression for converter efficiency

is given in Eq. 5-1. The efficiency depends on electron cooling losses

and other losses which depend to a large degree on converter collector

temperature. Typi_'al converter, cesium conduction, electrode radia-

tion, and conduction losses are given in Table -I for a rang_ of

emitter temperatures. These losses arc relatively small compared to

the power drain from the emitter from electron cooling.

Figure 3-4 shows typical electron cooling power losses from

the emitter at various emitter temperatures. The electron cooling power

is described by Eq. 5-2.

The power output of the device is described in Eq. 5-3 and

is given by the product of the current plus the summation of the voltage

potentials described in Fig. 3-3. It is desirable to maintain a high

emitter work function and a low collector work function in order to

maximize the voltage out from the device. Other voltage losses include

the plasma loss and the potential fall at the cathode.

Converter = Power Output

Efficiency Electron Cs Inter- Lead and

Cooling + Conduction + electrode + Envelope
Loss Radiation Conduction

& Radiation

F

Pelectron = IL@ e +
0.173

cooling

(5-i)

Temitte r

1ooo J
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TABLE 5-1

TYPICAL CONVERTER CESIUM CONDUCTION

INTERELECTRODE RADIATION, AND CONDUCTION LOSSES

Cesium Conduction Loss

(w/cm 2 )

Interelectrode Radiation* Loss

(w/cm 2 )

Conduction Loss

(w/cm 2 )

1500

Emitter Temperature, °C

1600 1700 1800

6 7 8 9

13 17 20 25

33 37 40 43

*emissivity of 0.4 assumed for both surfaces.
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where I = current

_e = emitter surface work function

Temitte r = emitter surface temperature (OK)

," 4 kTplasma

Poutput = l_e - AVs - _c - VIR _ _ e J_ (J-3)

(see Fig. 6-3 for explanation of terms)

5.2 Performance Characteristics

The output of the thermionic converter depends on a large

number of variables including spacing between emitter and collector,

emitter temperature, collector temperature, cesium temperature, ma-

terial work functions, losses and related phenomena.

In general, at a given emitter and collector temperature,

the converter has an optimum power output for any given cesium reservoir

temperature. This is illustrated in Fig. 5-5 which shows typical DC

performance of a converter which is really the envelope of a number

of optimum I-V curves at each cesium reservoir temperature.

"Optimum" DC performance as illustrated in Fig. 5-5 can be

misleading. Figure 5-6 shows three types of converter I-V curves and

two types of converter P-V curves which can be used to describe con-

verter characteristics. These are:

I. Curve A is an I-V curve with constant emitter temperature

and optimized cesium reservoir radiator temperature at each

point. This is the "DC" performance curve usually obtained

in laboratory tests. This curve is only an indication of

performance and is not directly applicable to system design.

2. Curve B is an I-V characteristic where constant power input

is given to the converter and the temperatures of the con-

verter are allowed to vary as a function of load. This is

the nature of the operation of the converter in a system mode

and is the curve most useful in system design. Limits on the

load changes which can be withstood by the converter will

depend on the temperatures achieved by the seal and emitter.
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3. Curve C is an AC sweep curve which is obtained by swiftly

varying the load about a given design point such that the

converter performance curve is obtained without changing

any temperatures in the system and maintaining a constant

power input. This curve is useful for determining potential

performance.

4. Curve D is a P-V curve with constant power input to the con-

verter. This curve is characteristic of the operation of

the converter in a system.

5. Curve E is a P-V curve with constant emitter temperature

corresponding to Curve A. This curve is not directly appli-

cable to system design.

It should be noted in Fig. 5-6 that the optimum power point

for a converter with constant power input is at a much higher voltage

than the maximum power output of a converter operated at constant

emitter conditions°

Figures _-7 through _-15 present I-V, P-V and efficiency

curves for thermionic converters operating at emitter temperatures of

1500 °, 1600 ° , 1700 ° , and 1800°C. Three types of converters are assumed;

these are capable of 15 watts/cm 2, 20 watts/cm 2 and 25 watts/cm 2 at

0.7 volt with an emitter temperature of 1700°C. Performance and effi-

ciency characteristics were derived using Eqs. 3-i, 5-2, and 5-3 and

other information available in the literature.

The curves in Figs. 3-7 through 3-15 are considered to be

reasonable extrapolations of the state of the art. Several converters

have exhibited greater than 20 watts/cm 2 at 0.7 volt although these

cannot be characterized yet as production converters.

Figures 3-16, _-17, and J-18 show I-V curves for the three

types of converter for the case where constant power input is given to

the converter. The constant power curves are compared with the con-

stant emitter temperature curves and significant differences can be

seen. The constant power curves are consistent with the use of Eqs.

!,-l, J-2, and 3-3 and analysis of the change in conduction losses,

temperature losses, etc.
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_.3 Life and Reliability

Failure of a thermionic converter can be characterized in

three ways:

I. Gradual performance degradation

2. Catastrophic failure resulting in an open condition

3. Catastrophic failure resulting in a shorted condition

Life and reliability _ata on converter operation is limited°

Approximately 13 diodes have been operated as long as 500 hours at high

emitter temperatures. Four converters were operated for a lifetime of

greater than 3000 hours steady-state at emitter temperatures and power

outputs which were relatively low compared to those which will be used

in a high performance generator°

Life tests simulating the 300 nautical mile orbit around the

earth (55 minutes light, 35 minutes dark) have been made on thermionic

converters. So far one converter has withstood greater _han 2000

cycles. To qualify for a 1-year operation in a 300 n. mi. orbit

requires that converters be capable of withstanding 5844 cycles° The

cyclic data to date seems to indicate no fundamental reasons why con-

verters cannot be made to operate in a cyclic condition reliably_ How-

ever, converter tests under simulated space conditions rather than

laboratory conditions may indicate needed design changes.

Figure 5-19 shows the emitter temperature and power output

at operating time for the four converters that were tested for 3000

hours.

Performance degradation mechanisms have been identified to

some extent. However, insufficient information is available to identify

all degradation mechanisms or to identify such statistical data as mean

time to failure, corrosion rate, etc. Important performance degradation

mechanisms are:

I. Evaporation of the emitter

2. Seal corrosion

3. Slow leakage of the cesium
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4. Diffusion or surface migration of materials to affect the

collector and/or emitter work functions

Figure 6-20 is a plot of the evaporation rates of various

candidate thermionic converter emitter materials. Shown also in this

figure is a shaded band which represents what is approximately the

maximum evaporation rate which can be tolerated in an emitter material

in order to keep heavy deposits from forming on the collector surface

in a period of approximately i000 hours. The formation of collector

coatings can drastically increase the radiation heat transfer between

emitter and collector, change the collector work function, and may give

rise to thick collector coatings which, in flaking off, may cause emitter

to collector shorts in a thermionic converter. The essential feature

of this figure is that an approximate upper temperature limit is placed

on all the materials for long term operation in a thermionic converter.

It appears that the upper operational temperature limit for tantalum

and rhenium is approximately 1800°C if operational times on the order

of I000 hours are desired. For operational times approaching i0,000

hours,the upper temperature limit would be closer to 1675°C. Tungsten,

on the other hand, could be operated for approximately i0,000 hours

at a temperature of approximately 1800°C.

High quality seals have now been perfected which have demon-

strated no significant cesium corrosion after I000 hours of converter

operation. Temperature limits on seal operation are not known but it

is estimated that 700°C would be an upper limit. No data is now avail-

able on lifetime of the seals although seal corrosion is amenable to

accelerated life testing.

The most prevalent mechanism for catastrophic failure of the

converter is leakage of the cesium through cracks created by metal

fatigue, corrosion, recrystallization, and related phenomena. All the

mechanisms of cesium leakage are not yet known and will depend to a

great extent on long life testing.
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It is felt that shorting of a converter is less likely than

the open condition. Shorting can be caused by the meeting of the

emitter and collector through flaking of chips, loosening of bonds to

create unstable conditions, metal fatigue and expansion, and other

phenomena. As soon as the emitter and collector touch at operating

temperatures, the emitter will rapidly cool and the collector will

grow hot. This process will tend to shrink the emitter spacing and

maintain a shorted condition.

_.4 Future Performance

Figure _-21 shows bandwidths of performance characteristics

obtained by converters in 1962 and 1964. As shown, converter perform-

ance increased dramatically during the 2-year interval. The bandwidth

consists of a composition of numerous I-V curves obtained on various

kinds of converters as reported in the literature. Laboratory converters

at several organizations have exhibited much higher power outputs than

the converters on prototype flight hardware. These laboratory con-

verters consist of variable spacing test devices specifically intended

to all_ extremely close spacings to occur. The bandwidth in Fig. 5-21

labeled 1968 is a judgment regarding what can be obtained in practical
l

hardware by decreasing spacing, optimizing materials and optimizing the

heat transfer of the converter° The two major problems in converter

design consist of the heat transfer necessary to operate at high current

and obtain low collector work functions. It is felt that both of these

problems will be adequately solved by 1968 to provide perhaps a 50

watt/cm 2 diode_ characteristic of prototype laboratory hardware, in

1970.
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6. THERMIONIC GENERATOR

6.1 Description

The thermionic generator consists of the thermionic converters,

structure for holding the converters, cavity, power leads, front cone,

and shielding, instrumentation, attachments to the generator support,

and related items. Also, additional control units such as solar flux

control, cesium reservoir control, and other items may be held onto the

generator structure.

Figure 6-1 shows a cross section of a five-converter generator

which uses a cubical cavity. The outline of the converters shown corre-

sponds to converters manufactured in 1962 and 1963. A photograph of

generator, JG-I, assembled in 1962, is shown in Fig. 6-2. The five

converters were mounted by spot-welded tabs into a cubical molybdenum

structure. For this early generator, no special precautions were taken

to shield the structure and minimize heat losses.

A second generator, JG-2, is shown assembled and mounted on a

supporting ring prior to test in a vacuum system in Fig. 6-3.

Figure 6-4 shows a layout of a four-converter generator,

designed in 1964, utilizing a cubical cavity and converters with

straight fins as radiators rather than cups. Figure 6-5 shows a photo-

graph of a model of the four-converter generator outlined in Fig. C-4.

As discussed in other sections of this report, many variations

in the number of converters per generator, the shape of the cavity, and

other details of the structure and supporting items are possible. To

date, however, only three cubical cavities with five converters and a

cylindrical cavity with three converters have been assembled using high

temperature cesium vapor converters.
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6.2 Performance Characteristics

Figure c_-6 shows I-V curves obtained during laboratory tests

of a five-converter generator in late 1964.

For the laboratory tests, an electric heater with appropriate

shielding is placed inside the cavity to simulate the input of solar

radiation. The watt number in Fig. 6-6 includes the filament heating

power as well as tile electron bombardment power. The flux distribution

and reradiation losses are different than would be obtained in the

solar testing of the generator as illustrated in the curves of Fig. 6-7.

Figure 6-7 compares solar and laboratory test data obtained

on a five-converter generator in late 1964. Power output and efficiency

is shown as a function of solar power input to the cavity. Efficiency

calculations in Fig. 6-7 are based on electrical power from the gener-

ator divided by total solar or electric power into the cavity; therefore,

in the case of the solar tests, reradiation and reflection losses are

included in the curves of Fig. 6-7.

Figures 6-6 and 6-7 illustrate the state of the art in gen-

erator performance to date. An 8 percent efficient generator was

demonstrated using solar radiation and I0 percent was demonstrated in

a laboratory environn_nt.

The I-V curves of Fig. 6-6 show the "flat" type of curve

characteristic of converters which are tested with constant power input

(see discussion in Section 3).

Figure _-8 shows further curves of the power output and effi-

ciency obtained during laboratory tests in late 1964 for a five-converter

generator.

Figure -9 illu_trates the number of converters required in a

generator as a function of the power required from the generator. Param-

eters which are varied include the emitter area of each converter and

tile watts/cm 2 from each converter. As shown, the number of converters

required can vary considerably. For example, for 1,000 watts output,

the required number of converters can vary from 16 to 46 in the range

2 w/cm 2of 1.5 to 2.5 cm emitter area and 15 to 25
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Figure 6-10 shows typical generator output characteristics

which might be obtained in an advanced design. Characteristics were

drawn for a five-diode generator but can be extrapolated to any other

number of converters. The power and current curves are similar to

those demonstrated by existing generators. The power curve will not

peak but will exhibit fairly flat characteristics over a voltage range

of one volt. The emitter temperature with constant power into the

generator will vary depending on the load point.

_,.3 Thermal Response

An important consideration in use of the thermionic generator

in an orbital application is the amount of energy and time required to

warm or cool the generator. Thermal response of the generator will

vary considerably depending on generator design, converter design, flux

distribution, and other factors.

A typical thermal response curve is shown in Fig. _-II for

generator JG-I tested in late 1962. Other generators, with other

designs, would exhibit similar thermal response characteristics although

the rise and fall times and rates of decay may vary.

As sho_n, the output from the generator will shut down rather

c_ _. ' when the solar energy no longer enters the cavity. This is due

to the rapid cool-down of the converter emitters.

The seals, radiator, and cesium reservoir of the converters

will gradually decay; eventual temperature levels will d< cm_ oll the

time length of darkness, background radiation, etc.

When the solar flux reenters the cavity, the emitter will be

rapidly heated and the space between the emitter and collector will

open. It is expected that this opening would be signaled by a large

open circuit voltage in the converter. This voltage would vary accord-

ing to the spacing and may oscillate somewhat as variations in emitter-

collector spacing occur.
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Eventually, converter temperatures will be reached which

allow current output to occur. At this point the voltage from the

converter will drop and power will begin to be drawn from the

converter. As the reservoir, radiator, and other parts of the

converter gradually warm up, each converter will reach operating

conditions in a tinge which is determined by the thermal response

of the generator/converter structure.

, .4 Hisoricntati_n Losses

Misorientation of the solar-thermionic system will cause a

power loss from the generator due to three phenomena.

i. Less solar radiation entering the cavity

2. A decrease in cavity temperature

3. Redistribution of flux in the cavity which creates mismatch

of converters and results in cooling of several converters

The third source of loss is by far the most important to

thermionic generator operation and is illustrated in Fig. ,'-12. Shown

is the typical power loss and voltage loss due to misalignment demon-

strated with four converters in a solar test with generator JG-I in

late 1962. The converters were "side" converters in a cubical cavity.

Relative power loss is shown for iour cases; cases 1 and 3 correspond

to the case where the misalignment is such that the focal image moves

along a diagonal of the cube. Cases 2 and 4 correspond to the case

where the focal image moves across the converters.

As shown, a misalignment of 5 minutes of arc resulted in a

2 to 5 percent loss of power. A misalignment of i0 minutes of arc

resulted in a power loss of i0 to 20 percent.

Power loss as a function of misorientation depends on cavity

emissivity, cavity shape, arrangement of converters within the cavity,

and other phenomena. The results of Fig. _-12 are considered to be

typically illustrative of the ball-park numbers which can be expected.
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6.5 Generator Losses

Figure 6-1L ill_strates the main sources of generator loss

that can be expected in a practical converter. All of these losses

contribute to inefficiency of the system.

The effect of generator losses on generator efficiency is

show_ in Fig. _-14. fhc converter efficiency corre_;ponds to the

converter efficiency curves derived in Section 3. F_trther losses in

the system will occur due to lead losses and structuz-al thermal losses.

As shown in Fig. 6-14 th, _ generator losses will generally increase with

cavity temperature. Also _hown are anticipated mismatch losses in a

typical system config_x-ation.

_.5.1 Heat Loss Through Insulation Gap

Due to the fact that converters are generally con-

nected in series, the separate converter bodies cannot be allowed to

come into electrical contact with each other, the generator structure,

or with the shielding asse1_bly, since this would short circuit the

generator output. The electrical insulation is generally accomplished

by using a vacuum gap between the generator structure and the con-

verters. With this scheme, radiant energy will be lost from the

cavity through these openings. The design problem is one of minimiz-

ing this radiation loss from the cavity within practical limits of

having a reasonable gap width that allows for assembly tolerances.

Both blackbody and reradiation losses from the insulation gap will

occur. The blackbody loss case has been studied in the most detail

since a generator design concept using radiating devices incorporated

on the converter envelope would require a basic converter design

modification.

In calculating the loss of blackbody radiation from

the insulation gap, it is assumed that the losses occur from a cavity

of emissivity eq_Lal to 1 and that the radiation occurs to a free space

environment. The radiation loss is approximately
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P = ¢ AoT 4

gap o o

where

A = cross sectional area of insulation gap

T o = cavity temperature

¢ _ i
o

o = Stefan-Boltzmann constant

Figure I_-15 is a plot of heat loss for a 16-converter

generator configuration. The heat loss is given for insulation gaps

from 8 to 14 mils in steps of 2 mils. The graph shows that the antic-

ipated loss for a 16-converter generator configuration with a i0 mil

insulation gap is about 226 watts at a cavity temperature of 2,000°K.

The calculations assumed a converter diameter of 1.5 inches. The

radiation loss shown in Fig. 6-15 will depend linearly on the number

of converters and the diameter of the converter.

It appears possible to prevent a significant amount

of thermal energy from escaping through the insulation gap by the use

of a reradiating wall similar to the configuration shown below. The

energy loss through the gap is:

where

A

E
r

¢
o

T
r

T
O

p AO T 4 T 4) = A¢ _ (T 4 T4)
gap tad =I i__ + i__ _ 11 ( o - r o

¢r E o ]

= cross sectional area of gap

= emissivity of the reradiating wall (for tantalum at 800°K,

¢ = 0.16)
r

= 1 is the effective cavity (blackbody) e::_issivity

= 800°K is the temperature of the rcradiating surface

= cavity temperature
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Thus

P = 0.16A EE (T o) - E(800)] watts
gap tad

or

P = 0 16A ,rE (r) 2.3_ _, watts
gap rad " - o

where

E (To) = blackbody emissive power at T OK
O

_FOILS

INSULATION
GAP --_'-_

• CAVITY

_J-- SHIELD CASING

, __RERADIATING WALL

L__] F (TEMPERATURE=8OOOK)

co,v ,T , I
- q_

A DESIGN OF RERADIATING WALL FOR INSULATION GAP

The above equation presupposes that the reradiating surface is main-

tained at a constant temperature of 800°K. This condition is necessary

to insure that the converter operation (particularly the seals) is not

disturbed by the presence of the reradiating surface. The 800°K

4326-Final __oo



reradiating surface temperature is maintained by the proper combina-

tion of surface-area and emissivity. In general, the reradiating

surface must be of such a geometry that it "sees" little else besides

the cavity and the cavity must be able to see only the reradiating

surface. When this is the case, the model for heat transfer can be

assumed to be heat transfer between two infinite walls. In this case,

the cavity is one wall and since it is a blackbody (the emissivity is

one). The other wall has the emissivity that corresponds to the

tantalum metal at 800°K (this value is 0.16).

Figure _-16 is a plot for the 16-converter generator

configurations. The total radiant energy loss is plotted versus cavity

temperature for converter-shielding gaps varying from 0.008 to 0.014

inch. A comparison of the blackbody loss case with that occurring

after incorporation of reradiating walls, shows that substantial

energy economy may be effected by incorporating the reradiating walls

in future converter designs. For a 2,000°K cavity temperature, the

radiation loss through the converter-shielding gap with a reradiating

wall is reduced to 16 percent of the blackbody loss present when no

reradiating wall is used. The gap loss could be reduced to approxi-

mately 9 watts for a four-converter generator by using reradiating

walls in the insulation gap. For a four-converter design using 20 to

30 foils for shielding and operating at 2,000°K, overall losses could

be decreased to less than one half of the value obtained with no

reradiating walls present. The motivation to reduce the insulation

gap loss is due to the realization that of the overall generator

structure thermal losses (neglecting converter heat rejection) the

gap losses are second in magnitude to the cavity opening reradiation

losses.

6.5.2 Conduction Loss

This loss is due to continuous metal sections leading

from inside the cavity to the exterior. Energy is conducted from the

cavity and radiated to the low temperature environment on the outside.
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D

In the design concept under consideration, the conduction loss occurs

to a significant extent at two places:

I. At the lip of the flux trap cone bordering on the cavity

entrance

2. At the shielding retaining sleeves surrounding the converter

openings in the radiation shielding

The most significant of these two losses occurs at the lip of the flux

trap cone due to the much larger area involved.

The heat loss from the cavity due to conduction at

the flux trap cone is

q = ¢oA(T 4 - T4 ) watts
0 C one

where

T

c one

T =
0

C =

A =

cone temperature

cavity temperature

effective emissivity of the cone and cavity combination

interior surface area of the cone flux trap which faces

the cavity

It is evident that once the interior cone surface temperature T is
cone

known, q can be readily found. In practice it has been found that the

flux trap cone can be made to run at a temperature of approximately

800°K° Assuming this approximate temperature and an emissivity of

approximately 0. I for the cone area facing the cavity, the cavity loss

due to this mechanism can be computed. For example, assume a generator

suitable for use with a 5-foot concentrator with a 0.75-inch entrance.

The area of the cone which is exposed to the cavity interior corresponds

to a ring 0.750 inch in average diameter and having a width of perhaps

2
0.140 inch. The net area of this annular ring is approximately 2.1 cm .

The cavity loss to this annular ring is approximately 18 watts for an

effective emissivity of 0.i. Table 6-I summarizes the calculated q for

the 1,900 to 2,100°K temperature range.
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TABLE(-I

SUM_RYOFCONDUCTIONLOSSESAT FLUXTRAPCONE

ANDRETAININGSLEEVES

Cavity qsleeves
Temperature qcone (one converter)

(OK) (watts_ (watts>

1,900 15.1 3.4

2,000 18.3 3.4

2,100 22.5 3.4

This estimate is felt to be conservative as long as

the interior of the cavity does not see the crack between the converters

and the front flux trap cone. In an actual generator a shield should be

placed so that the edge of the flux trap cone does not look directly at

the interior of the cavity but faces a low emissivity emitter surface

which reduces the effective emissivity of the cavity-cone combination

to approximately 0.08 instead of 0. I.

_le conduction loss at the converter shielding retain-

ing sleeve is a complex function of:

I. Temperature variation in the shielding

2. Temperature distribution along the converter envelope

3. Emissivity and geometry ol the gap between converter and

sleeve

4. Thermal conductivity and geometry of the sleeve

To a first approximation it can be assumed that the average temperature

of this retaining sleeve is approximately 1,200°K. Assuming a tantalum

sleeve thickness of 0.002 inch, a sleeve length of 0.200 inch and a

temperature drop of 500°C, the conduction loss per converter is:

dT (0.71)(4.83 x 10-3)(985) _ 3.4 wattsqc = -kA _
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Since the average temperature of the retaining sleeve will not change
much for cavity temperature between 1,900 and 2,100°K, the conduction

loss through the sleeve has been assumedconstant at 3.4 watts per

converter over the entire cavity temperature range. These losses

together with the flux trap losses are sho_n in Table 6-I.

_'.5.3 Heat Loss Through Radiation Shielding of the Generator

Structure

Radiation Shielding Losses Assuming Constant

Shield Emissivity Over Entire Temperature

Rang_

The assumption of constant shield emissivity,

though not usually found in practice, simplilies the shielding equations,

and yields solutions that lead to a better under-standing of shield

behavior when emissivity changes are taken into account. In this anal-

ysis, steady state heat flow through multiple layers of shielding is

considered. The shields may be disks or cylinders but are assumed to

be thin in comparison to their curvature that they may be regarded as

a flat parallel geometry as far as tlle analysis is concerned. It is

assumed that a vacuum e:_ists in the cavity, as well as between the

individual layers of the shield, and in tile space adjacent to the exte-

rior shield. It is further assumed that all heat flow is a result of

radiation heat transfer between shields and that no thermal conduction

occurs between the individual shield layers. This last assumption is

acceptable, if the areas of contact between adjacent layers are small

and the bond is poor so that the overall thermal resistance of these

contacts is large. The shield layers will contact each other only at

dimples in the foil. This method of shield assembly has been found

to be satisfactory in the past.

It can be shown that for two very large sur-

faces (i and j) of area A, which are close together, the net radiation

interchange from surface i to surface j is approximately:

P
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P

where

qi,j

T.
l

T.
J

A

¢i'Cj

= net heat transfer from layer i to j

= temperature of shielding layer i

= temperature of shield layer j

= Stephan-Boltzmann constant

= shielding area

= emissivity of layer i and j respectively

The heat transfer between surface 0 and layer 1 is thus

A I___+ I__ _ i

co eI

where

T = cavity temperature
o

and between the two layers 1 and 2 with an emissivity c,

In general, the specific heat transfer can be written

qk_. k + i

A 2q¢ c5(T4 _4_ _ _ Ik+ I)

if both layers have the same emissivity ¢.

into space with emissivity e we have
n

For the nth layer radiating

qn T4-- ----C
A n n
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For steady state heat flow the heat flux is the same for each shield,

hence,

q0,1 = ql,2 = " " " = qn-l,n qn

When the emissivity values are assumed to be the same for successive

layers, then

(T41 - T_)= (T4 - Tr+l)

This shows that for two adjacent layers the difference between the

fourth powers of the temperature is a constant, hence, for n layers

(i.e., n-i sets of adjacent layers) we have

4 T 4 (Tn_l 4 T 4) (n-l)T1 - n = - n

Equating the heat flow between the cavity and the first layer with the

heat flow between the (n-l) th and nth layer we obtain

e + E - g E

T 4 = 4 + 0_9_o (T n 14 _ T 4)o T1 c _-c_ - n
o

Also equating the heat flow between the nth layer and space with the

flow between the n-i and nth layer we obtain

4 _ T 4 en(2-e) T 4
Tn-i n = E n

Solving simultaneously we obtain
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T4n= T_/(CI C2 + i)

E

C1 = n (2-e)"
E

C 2 =

E + E - c E
o o

+ n-i
e (2-e)
O

and the heat loss per unit area is

qn

- c _7
A n

we can thus write

T 4
O

n (2-c) _: + E - E C

[ o o_- j c (2-s) + n-I + 1
0

where

qn T 4--= C o
A E_E " O

O_fn

n
C =

E'Co'en n i E (2-¢) + n-I
J O

+ 1

C

C,Eo,e is actually the effective emissivity in that it representsn

the ratio of heat lost to heat that would be lost by a blackbody at

the cavity temperature, T
O

This equation indicates the effectiveness of the

shielding in reducing the blackbody radiation from the cavity. It

can be shown that for any given set of parameters E, _ , the effect
O

of varying m is less for large values of n. If we consider the fact
n

that throughout the shielding the lowest possible emissivity values

will be used, then it is evident that unless e is much smaller than
n
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c, the reduction in q/A will not be substantial. As a zeneral rule

though, it is desirable to reduce all losses to the absolute minimum,

hence, if possible, the outer shield should have the lowest possible

emissivity, even if one has to go to special coatings*.

C is quite insensitive to changes in s , hence,
C,EO,SN O

this value need be known only approximately in calculations. As a

general rule _u should be made as small as possible.

We will now consider the case where the emissivities

of all the shields are the same, i.e.,

Cl = c2 = e3 = " " " = En-i = Cn

then

E E
O

C =C =

c c,c ° c + a n (2-E)C'Eo' n o

and

c
C -_ C - for n > I0
c,E _ n (2-c)

o

0.24.

At 2000°K tantalum has a total normal emissivity of

This is ti_e value to be used for c . Thus,
o

C ___

C,C
o

(1.24E

C + 0.24n (2-c)

To find the heat radiated per unit area, i.e., q/A we use the equation

4
q= C oT
A E,E O

0

*The long term stability of any proposed coating should be carefully

checked before such a scheme is adopted.
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D

D

Figure 6-17 shows the variation of heat loss per unit area with the

number of radiation shields. The emissivity values used as parameters

are c = 0.05, 0.I, 0.15 and the values of C are calculated from
g,g 0

the equations above. The plots show that the dependence of q/A on

is very pronounced for any number of shields used and that in order

to obtain very good insulation without using an unreasonable number

of shields, shields with very low emissivity must be used throughout,

or if this cannot be done @ue to the necessity of using shield mate-

rial of high emissivity adjacent to the cavity wall, then a sufficient

number of low emissivity outer shields must be used in order to have

a low, effective emissivity for the entire shielding structure. The

required number of shields to achieve a given heat loss is very sen-

sitive to the value of the emissivity of the shields.

In practice, the emissivity cannot be assumed to be

constant throughout the temperature range usually involved. In such

cases, a continuum approximation should be developed for a discrete

set of shields. The continuum case will be considered in the next

section.

Radiation Shielding with Emissivity a Function of

Temperatur_ -_ne Set of Shields

The calculation methods developed above may be used

to estimate the approximate number of shields required for a given

heat loss when the shield materials show only a slight variation of

emissivity with temperature over the range of application. In such

cases, either an average emissivity may be used to obtain upper and

lower limits of the required number of shields or an average value

of these limits is used as a most probable value.

When the shield emissivity variation with temperature

is large over the temperature range of interest the methods described

above will give only a rough estimate. Thus, an approximation adapt-

able to shields having a variable emissivity is desirable.

D
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An approach to the problem of shields with variable

emissivity is to regard n (the number of shields) as a continuous

variable, i.e., values of n will be considered that are not integers.

In this manner, the difference in temperature between any two foils

is now the variation of temperature with respect to n within the shield

system. The number of shields required to produce any desired loss can

be closely estimated to any degree of accuracy from results obtained

after certain mathematical manipulations have been performed. The pro-

cedure is illustrated below.

Assume that between any two successive shields

(k, k + I) the temperature difference AT is sufficiently small so that

an average value of _k may be assumed to be valid for both shields,

then the heat transfer relation for two successive shields can be

derived,

qk; k + I _ _ 4 4 _ F
A 2-¢ (Tk - Tk+l ) = 2---_-_ (Tk+l * ?T)4 Tk+l 4]

_ ¢_ Tk+l 4 F(I + iT )4 _ i]
2 -¢ Tk+ i

Using the first two terms of the binomial expansion of (I + AT/Tk+ I)

we obtain

(i + _%T )4 _ I + 4 &T

Tk+ 1 Tk+l

hence,

_T _. 1 V(2-_) q]

Tk+l (4 Tk+l 4) ¢_A _J

For well-shielded cavities, q/A is very small, hence, AT/Tk+ 1 is small

and the second order term of 0 _(AT/T) 2 _may be neglected. The tem-

perature difference between any two shields is thus:
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where _ is now the average value of the emissivity for both shields.

The value of AT given above is actually the value that results per

unit change in the numberof shields, hence,

_ _-_)(dT/du) = (i/4)(q/A)(_ --_ (t/T 3)

In this equation, n is being treated as continuous rather than being

restricted to integers. The minus sign is introduced because an in-

crease in n results in a decrease in T, hence, for increasing n, dT/dn

is negative. Then,

dn = 4_ ¢ T 3 dT
(q/A) 2-¢

T
O

T
n

_n 4__ Tn ¢ T 3
I dn = n - -- dT

0 (q/A) ,_ 2-e

T o
,o -12

T 3 o9.7 x I04,v e-i- dT = ~_
n - (q/a) ! 2-e (q/A)

T
n

T

i_ o _ T3dT
I(To'T n) _ i 2-¢

'T
n

= cavity wall temperature

= temperature of outermost shield

I (T o, T n)

If q/A is specified, then T may be conveniently found from a plot of

q/A versus T for the material under consideration.

Note that when T = T then n = 0, tlmrefore, n is
n o

tile number of shields outside the first, since the first shield is

assumed to be at the cavity temperature T . For the case where _ is
o

constant, the equation above reduces to the simple case treated earlier:

e IT 4 T 4 ]
n - (q/A) 2-¢, o n l
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For the case of E = 0.I, we have for q/A = 9.2 x 10-2 the value of

T -- 638°K hence, n = 51.3. The value calculated previously is 50n
shields, hence, both methods are in reasonable agreement. The error

here is approximately 2 percent. If higher powers of AT/T are re-

tained in the binomial expansion it can be shownthat the error in

the numberof shields calculated by the method derived is always a
positive one, hence, the method gives slightly conservative estimates.

Radiation Shielding with Emissivity a Function of

Temperature - Two Sets of Shields

The only shield materials acceptable for use above

approximately 1600°K are tantalum and tungsten. Unfortunately, these

materials have relatively high values of emissivity at the lower tem-

peratures (1000°K), .hence, at lower temperatures it is desirable to

use shields having a low emissivity. !;elow 1600°K, m_,lybdenum shields

may be used, below lO00°K nickel is satisfactory and at gO0°K copper

could be used. In studying composite shields, we find that the equa-

tions above may bc L1s_,d with modifications. The details of this modi-

fication will be discussed later in this section.

Examination of the total normal emissivities of tan-

talum and tungsten over the temperature range of 1600 to 2100°K, shows

that throughout this temperature range tantalum has a slightly lower

emissivity. In conjunction with its workability it would appear that

tantalum is the most desirable shield material at the high tempera-

tures. Over the 1600 to 800°K temperature range molybdenum has the

lowest emissivity when compared with tungsten and tantalum. Below

800°K copper shields would give a slight improvement over molybdenum

but the extra fabrication effort does not make the use of copper worth

wh i le.

Before proceeding with this analysis, it should be

pointed out that the maximum shielding thickness allowable by gener-

ator structure consid_rations is approximately 0.150 inch. This
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rough upper limit on the shielding thickness results from the neces-

sity of preventing the shielding from disturbing the desirable tem-

perature distribution in the converter. With 1 mil shield foil and
a 4 mil separation between shields, approximately 30 shields can be

accommodatedin the 0.150 inch space allowed for shielding.

In analyzing the composite shield heat transfer, the

continuum approach breaks downfor cases where two adjacent shields

have grossly dissimilar emissivities. If the emissivity difference

between adjacent foils is small (as in the practical case) then the

total numberol shields may be found by using for _(T) the emissivity

variation with temperature of the specific metals chosen for the

shielding. If, on tile other hand, tll_ emissivities are very different,

then at each dissimilar junction the temperature drop must be found

by the equations;

= o 4 Tk+l 4)A 1 1 (Tk -
--+-- l

Ck ¢_i

If a composite shield of tantalum and molybdenum foils is used, then,

and

nTa =

T
-12 o

22.7 x I0

(q/A) _ ¢/(2-_) T3dT = number of
1600 tantalum

foils

22.7 x i0-12 1600-LTTa,Mo

nMo = (q/A) _800 • _/(2-¢)- TBdT

= number of molybdenum foils

where

£Ta,Mo
= temperature drop at the tantalum molybdenum junction.
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For large junction temperatures and small heat losses,

ATTa,M ° is small and may be neglected in most instances. For example,

&TTa_M ° = 107.5 (q/A)

If instead of assuming shields of two different materials, the shields

were assumed to be all molybdenum, then

ii

_TTa,T a = (q/A) 0.0933 - 118 (q/A)

so that the error in AT is

6(AT) = (118 - 107.5) q/A = 10.5 (q/A)

Since (q/A) is of the order of i0 -I - I, then the error is of the

order of +i to 10°C and, hence, is negligible. The continuum approach

to the composite shield thus appears to give a very close approximation

to reality.

Some calculations have been made for a three-section

shield using tantalum, molybdenum, and copper in the appropriate tem-

perature ranges. The preliminary results indicate that it will be very

difficult to keep the copper in a proper operating temperature range

(lower than 800°K) and the added complexity of the shields does not

appear to maize the three-section shield worthwhile at this time. For

the remainder of this section, the composite tantalum-molybdenum shield

will be stressed.

Tantalum-Molybdem_ Composite Shield

Assume a shield consisting o£ tantalum foils adjacent

to the cavity and extending into the shielding to the point at which

the temperature is approximately 1600°K. From this point onward the

foils are molybdenum. The materials for the composite shield design
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_ere selected on the basis of the lowest practical emissivity values

available for a given temperature range consistent with the material

exhibiting physical and chemical characteristics that are satisfactory

from the viewpoint of overall system performance. In this section,

the equations are developed for calculating the specific numberof

shields required for specific heat loads. Plots are presented of the

heat loss versus the total numberof shields, and the number of molyb-

denumand tantalum shields with cavity temperature as a parameter.

The equation for the total number of shields for the

tantalum-molybdenumcomposite reduces to

N = _Io + nTa =

1600
22.7 x 10-12 T

I_ _/(2-_)'T3dt + 7 ° ¢/(2-_)'T3dT(q/A)
ITn 1600 J

The first term on the right is the number of tantalum shields (excluding

the cavity wall) and the second term is the number of molybdenum shields.

The equation takes this simplified form because the emissivities of

tantalum and molybdenum are approximately equal at 1600°K. The integral

can thus be used to calculate the number of shields required for a given

heat load. Shielding requirements have been investigated for 1800, 1900,

2000, and 2100°K cavity temperatures and for heat losses ranging from

2
0.I to 1 watt per cm . Some results are plotted in Fig. -18. The

integrals were evaluated numerically by Simpson's one third rule and by

the trapezoidal rule, as appropriate. The results show that for 30

2
foils the heat loss at a 2000°K cavity temperature is 0.33 watt per cm .

At 1900°K the loss is reduced to 79 percent of the value at 2000°K.

This reduction in loss at 2000°K cavity temperature could be achieved

with the addition of 8 shields. Most of the foils will be molybdenum.

Temperature Variation in the Tantalum-Molybdenum

Coalposite Shield

The temperature distribution in a shield system is

often required. This information is of particular interest if there

is a desire to insert a temperature-sensitive material between certain

4326-Final _-39



g-
E
(o

tn
,4,,-

v

<_

CT

Or)
O
_J

I'-

LLI
"l"

I I I 3 I I111 I I r FI IIII
I. TEMPERATURES REFER TO CAVITY

TEMPERATURE t
10_2. THE CAVITY WALL IS NOT COUNTED--

1.0

AS A SHIELD

-2100OK_--, ! = II

2000°K_

;9oo°%_,N

0.1
I

-- I

!

,4 '

I0 I00

TOTAL NUMBER OF SHIELDS

]?ic. 6 -IS TOT,kL S[IIELI) REqL:IIIE',IEI(IS VS iEA']' LOSS FOl-I A

//\);I'/,I,U>I-bIOLY___DEI_UH C{))IP()S [ 17E Sii] ELD A'£

SIcl.I!(]L,EI) CAVITY 'i'EblPt'_}{A'_TURIgS '.,mt:,!hIr_ _q_ove

].('!{)o(, :-c',l,,,_>do_q_u:q ibelow ] (:(-)()o(,;

73611714



D

layers. In this section, a general method for finding the temperature

distribution (l(n) is outlined and T(n) is evaluated and plotted for

the tantalum-molybdenum composite shield.

For the equation ior the number of shields, it is

clear that the nt_nber of shields required to cause a temperature drop

T 1 - T 2 (for T 1 > T2) is

hence,

40 T1

n- (qlA),I T3aT
To

T
4_v _ o

n- (q/A) J ¢li2-¢)T3dT''"
T

where T is the temperature n shields away from the cavity wall. Value_

of n and T for a cavity temperature of 2000°K is shown in Fig. _-IU.

The plots give the foil temperature as a function of the number of

foils n away from the cavity wall. The heat loss rate is the parameter"

for these curves. The curves end on a line that is the envelope of the

outer shield temperature versus the total number of shields. Each

graph is for a different cavity temperature.

Generator-Structure and OvErall Efficicncies

The generator-structure efficiency is a measure of

how well the generator performs its function of transferring heat to

the diodes. It is the fraction of the energy arriving at the cavity

that is available to the converters. Figure 1-20 gives values of the

losses typically encountered in the generator-structure oi the four-

converter generator. It is felt that the scale of losses will gener-

ally hold true for most generator structures. The gap losses are by

far the most serious for a wall-designed converter. However, reradia-

tion and reflection losses from the cavity (not shown in Fig. 6-20)

are far more serious.
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